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CHAPTER  1 
INTRODUCTION 

A  "well -designed  and  properly  maintained"  shoulder  is  considered 
by  Taragin  (1)  to  be  a  necessity  with  any  "appreciable  volume  of  traffic." 
He  adds  that  the  shoulder  function  is  "multifold  and  all  segments  of 
traffic  receive  benefits  from  the  additional  cost  over  that  of  an  im- 
properly designed  shoulder."  Barksdale  and  Hicks  (2)  suggest  that 
design  approaches  that  can  be  taken  to  minimize  the  paved  shoulder  dis- 
tress should  include,  among  others,  the  selection  of  an  adequate  struc- 
tural section  for  the  shoulder  as  well  as  the  provision  of  a  positive 
means  of  removal  of  water  from  the  vicinity  of  the  longitudinal  joint. 

1.1  Purpose 

The  purpose  of  this  research  effort  was  to  develop  a  rational 
structural  analysis  and  design  procedure  for  plain  jointed  portland 
cement  concrete  (PCC)  highway  shoulders.  The  design  procedure  may  be 
used  for  the  design  of  PCC  shoulders  for  rehabilitation  of  existing 
pavements,  and  also  for  new  pavement  construction.  A  PCC  shoulder 
must  meet  certain  design  requirements: 

1.   The  shoulder  must  remain  structurally  sound  in  all  kinds  of 
weather  to  withstand: 

a)  the  standing  loads  of  disabled  or  otherwise  stopped 
vehicles,  and  of  maintenance  equipment; 

b)  occasional  traffic  when  the  shoulder  is  used  as  a  detour 
during  maintenance  operations; 

c)  regular  traffic  if- the  shoulder  is  used  as  an  extra  lane 


1 


for  peak  periods,  and 

d)   encroaching  moving  loads  from  the  adjacent  traffic  lanes. 

2.  The  longitudinal  traffic  lane/shoulder  joint  must  provide  high 
load  transfer  to  reduce  deflections  and  stresses  in  the  traffic  lane  from 
edge  loads.  This  will  improve  the  performance  of  the  traffic  lane. 

3.  The  traffic  lane/shoulder  joint  must  remain  tight  over  the 
design  life.  This  will  improve  the  drainage  of  the  pavement  by  directing 
runoff  beyond  the  outer  shoulder  edge.  The  reduction  in  water  entry  at 
the  traffic  lane  edge  would  eliminate  or  greatly  reduce  pumping  potential 
under  the  joint  which  would  also  add  to  the  service  life  of  both  the  traf- 
fic lane  and  the  shoulder. 

4.  If  possible,  the  shoulder  should  be  wide  enough  to  accomodate 
parked  vehicles.  Objects  on  the  shoulder  that  leave  a  clearance  of  3 

ft  (0.9  m)  or  less  from  the  pavement  edge  have  been  established  to  consti- 
tute a  hazard  (3). 

5.  The  surface  must  be  in  such  a  condition  that  a  motorist  can 
safely  leave  the  travel  lane  at  high  speed  when  necessary  to  avoid  or 
lessen  the  severity  of  an  accident.  This  condition  further  requires 
the  PCC  shoulder  to  be: 

a)  continuous  (intermittent  turnouts  on  some  facilities  do 
not  provide  the  distance  needed  for  decelerating  or  re-entering  the 
traffic  stream  quickly  and  safely). 

b)  flush  with  the  pavement  edge:  Brittenham,  Glancy,  and 
Karrer  (4)  found  shoulder  heights  uneven  with  the  edge  of  the  pavements 
because  of  settlement  or  heave  of  the  shoulder  structure  at  nearly  three- 
fourths  of  all  the  accident  locations  they  studied. 


c)  sloped  sufficiently  to  drain  surface  water  across,  but 
not  sloped  too  steeply  to  constitute  a  hazard  or  create  driver  fear  of 
rolling  off. 

d)  reasonable  skid  resistance. 

6.   The  paved  shoulder  should  have  low  maintenance.  Shoulder  main- 
tenance requires  workers  and  equipment  to  be  working  closely  to  traffic, 
and  in  spite  of  all  precautions  taken,  this  is  a  constant  source  of 
danger  to  the  workers  as  well  as  the  traveling  public. 

1.2  Background 

Many  concrete  pavements  in  urban  as  well  as  rural  areas  are  being 
subjected  to  heavy  traffic  volumes  and  severe  environments  which  may 
cause  deterioration  and  premature  failure.  Pumping  of  fine  materials 
due  to  the  high  deflections  at  the  outer  edge  of  the  slab  caused  by 
heavy  traffic  loadings  and  free  water  results  in  the  most  serious  types 
of  pavement  distress  such  as  severe  cracking  in  jointed  concrete  pavement 
and  edge  punchouts  in  continuously  reinforced  concrete  pavement.  An 
important  question  is  "how  to  rehabilitate  a  distressed  pavement  effec- 
tively and  economically  to  serve  the  highway  user  for  a  substantial 
period  of  time  with  relatively  low  cost?"  One  alternative  is  the  con- 
struction of  a  tied  portland  cement  concrete  shoulder.  There  is  no 
drop-off  at  the  shoulder  inner  edge  when  properly  tied  concrete  shoulders 
are  used  with  concrete  traffic  lanes.  This  eliminates  a  safety  hazard 
which  exists  all  too  frequently  with  other  types  of  shoulders.  Properly 
tied  concrete  shoulders  prevent  the  development  of  an  open  longitudinal 
joint  between  mainline  and  shoulder  pavement.  This  open  joint,  which 


is  quite  common  where  other  types  of  shoulders  are  used,  permits  much  of 
the  surface  water  to  drain  down  at  the  slab  edge  and  thus  saturate  the 
subbase  and  subgrade  directly  under  the  mainline  slab  outer  edge  of  the 
truck  lane.  Free  water  in  this  joint  frequently  causes  erosion  along 
the  slab  edge,  upward  heave  or  drop-off  at  the  joint,  severe  shoulder 
base  erosion,  and  pumping  and  faulting  at  transverse  joints  or  cracks 
in  the  mainline  pavement.  In  1967,  Illinois  constructed  an  experimental 
shoulder  project  on  1-80  "to  develop  definitive  information  that  would 
permit  the  selection  from  among  alternative  shoulder  pavement  designs 
and  materials,  those  that  will  afford  the  best  service  and  overall  econ- 
omy of  construction  and  maintenance. "(6)  After  five  years  in  service, 
the  following  was  concluded: 

"The  performance  of  the  PCC  shoulders  is  significantly  better 
than  that  of  any  other  type  (Bituminous  Aggregate  Mixture, 
Cement  Aggregate  Mixture,  and  Pozzolanic  Aggregate  Mixture) 
that  were  included.  Tiebars  appear  to  be  a  desirable  feature 
that  can  be  used  to  keep  the  shoulder-pavement  joint  closed 
only  in  connection  with  PCC  shoulders  ...  It  would  seem 
that  of  the  various  types  of  paved  shoulders  included  in  the 
experiment,  the  PCC  shoulders  may  have  the  best  chance  of 
serving  the  longest  time  without  need  for  special  maintenance 
and  can  be  considered  as  a  satisfactory  alternative  paved 
shoulder  type.  "(6) 

The  other  shoulders  had  deteriorated  so  extensively  that  they  were 
replaced  in  1977.     \lery  little  maintenance  has  been  required  on  the 
PCC  shoulders  as  of  1980. 

Design  of  PCC  shoulders  has  been  based  upon  trial  and  error,  engi- 
neering judgment  and  past  performance  of  a  few  experimental  sections, 
since  no  structural  design  procedure  is  available.  A  most  recent  study 
by  Hicks,  Barksdale,  and  Emery  (11)  clearly  demonstrates  the  lack  of 
PCC  shoulder  design  procedures.  A  rational  method  of  structural  analysis, 


as  well  as  design  procedure  for  highway  shoulder  system  is,  therefore, 
greatly  needed.  This  procedure  should  provide,  for  both  rehabilitation 
and  new  construction,  a  PCC  shoulder  that  is  structurally  adequate  to 
support  traffic  loads  within  a  very   aggressive  environment  and  effective 
in  improving  the  performance  of  the  adjacent  traffic  lane  throughout 
the  design  life. 

1.3  Research  Approach 

The  research  approach  used  to  develop  the  design  procedure  is  illus- 
trated in  Figure  1.1.  Literature  review  and  field  studies  were  conducted 
and  several  experimental  plain  jointed  concrete  shoulders  were  examined 
and  some  relevant  data  were  collected.  The  major  design  variables  that 
affect  the  performance  of  PCC  were  identified  based  upon  the  experience 
of  the  project  staff,  previous  research  studies,  and  analytical  studies 
conducted  as  part  of  this  research.  Current  PCC  shoulder  design  practice 
was  critically  evaluated  as  to  its  ability  to  provide  a  structurally 
adequate  shoulder  that  can  withstand  traffic  loadings  and  be  effective 
in  improving  the  performance  of  the  adjacent  traffic  lane.  Limiting 
criteria  were  determined  for  structural  design  including  the  allowable 
concrete  fatigue  consumption.  Design  guidelines  for  factors  such  as 
traffic  lane/shoulder  joint,  shoulder  traffic,  tapering  of  shoulder, 
and  joint  spacing  are  developed.  All  available  data  of  PCC  shoulders 
were  compiled  which  included  several  sections  that  have  been  under 
regular  traffic  since  1965  on  Route  116,  1-74,  and  1-80  in  Illinois. 
Analytical  models  and  procedures  for  slab  stress/strain  computation  and 
fatigue  damage  were  developed.  A  comprehensive  fatigue  analysis  proce- 


dure  was  developed  and  verified  that  gives  accumulated  fatigue  damage 
at  both  edges  of  the  PCC  shoulder  so  as  the  fatigue  damage  of  the  en- 
croached traffic  from  the  mainline  at  the  inner  edge  of  the  shoulder 
could  be  compared  with  the  fatigue  damage  of  the  parked  traffic  at  the 
outer  edge  of  the  shoulder  in  all  circumstances. 

1 .4  General  Design  Approach 

The  general  design  approach  consists  of  determination  of  material 
properties  and  structural  thicknesses  of  the  PCC  shoulder  slab  and  the 
subbase  and  on  the  degree  of  load  transfer  across  the  mainline/shoulder 
joint  to  ensure  the  compatibility  between  the  shoulder  and  the  traffic 
lane  as  a  system.  A  flow  diagram  showing  the  major  design  steps  is 
shown  in  Figure  1.1. 

The  structural  design  procedure  is  basically  a  shoulder  slab  fatigue 
analysis.  A  computer  program  is  included  that  provides  fatigue  damage 
data  used  for  selection  of  the  structural  design.  The  program  is  named 
JCS-1  and  is  written  in  FORTRAN. 

The  procedure  shown  in  Figure  1.1  is  iterative,  indicating  that 
there  are,  of  course,  more  than  one  structural  design  alternative  that 
could  meet  the  limiting  criteria.  The  design  that  gives  the  minimum 
construction  costs  is  generally  selected  as  the  optimum  design  as  long 
as  it  meets  all  of  the  limiting  design  criteria. 

The  justification  for  construction  of  a  well-designed  PCC  shoulder 
over  that  of  another  method  of  rehabilitation  for  the  mainline  pavement 
as  well  as  the  shoulder  itself  must  be  compared  with  the  costs  resulting 
from  maintenance,  rehabilitation,  and  user  delay  if  another  method  of 


rehabilitation  or  different  type  of  shoulder  is  used.  These  costs  must 
be  computed  over  a  given  analysis  period. 

The  results  of  this  research  are  presented  in  the  following  sequence: 

Chapter  2:  Literature  review  and  field  studies  of  PCC  shoulders 
and  their  current  design  practice. 

Chapter  3:  Structural  analysis  of  Portland  cement  concrete  shoulders. 

Chapter  4:  Development  of  a  structural  design  procedure  for  portland 
cement  concrete  shoulders  based  on  the  fatigue  of  concrete. 

Chapter  5:  Demonstration  of  the  use  of  the  design  method  by  solving 
a  detailed  example  problem. 

Chapter  6:  Conclusions  and  recommendations  for  implementation  of 
the  design  procedure. 
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CHAPTER  2 
PCC  SHOULDER  STATE-OF-THE-ART 


2.1  General 


PCC  shoulders  have  been  constructed  for  many  years  on  some  urban 
expressways,  but  only  during  the  past  15  years  on  rural  highways.  The 
first  experimental  concrete  shoulders  were  built  in  Illinois  in  1965  as 
a  part  of  a  modernization  project  on  Route  116.  The  good  performance 
of  these  and  other  experimental  shoulders  built  in  Illinois  on  1-74 
and  1-80  resulted  in  favorable  report  by  Illinois  and  NEEP  project  on 
PCC  shoulders  by  FHWA  in  1970.  Since  that  time  the  use  of  concrete 
shoulders  has  spread  to  many  other  states  for  both  new  construction  and 
as  a  part  of  several  pavement  rehabilitation  projects.  In  1974,  FHWA 
published  a  notice  removing  concrete  shoulders  from  the  experimental 
status  and  from  the  NEEP  program,  and  in  1976  new  standards  were  issued 
for  PCC  shoulders.  At  the  end  of  1976,  there  were  over  11  million  square 
yards  of  PCC  shoulders  in  service  (8).  An  extensive  literature  review 
led  Taragin  to  conclude  that  the  use  of  portland  cement  concrete  shoulders 
is  increasing  partly  because  "recent  studies  have  shown  them  to  perform 
better  and  may  be  more  economical  in  the  long  run  than  other  types  of 
shoulders"  (1). 

The  types  of  PCC  shoulders  that  have  been  built  so  far  consist  of 
a  concrete  slab  placed  on  a  prepared  material: 

a)  integrally  with  the  mainline  pavement, 

b)  after  the  new  mainline  pavement  has  been  placed  or, 

c)  adjacent  to  existing  mainline  pavement  for  rehabilitation 
purposes. 


2.2  PCC  Shoulder  Distress 

The  development  of  design  procedures  to  provide  a  structurally-adequate 
PCC  shoulder  requires  the  consideration  and  prevention  of  all  the  distress 
that  cause  premature  failure  and  a  substantial  amount  of  maintenance. 
Results  from  a  field  study  and  other  information  were  analyzed  to  determine 
the  distresses  occurring  in  existing  PCC  shoulders  (14,  15,  16,  17). 

1.  Lane/Shoulder  Drop-Off  or  Heave  and  Joint  Separation:  Lane/ 
shoulder  drop-off  or  heave  occurs  wherever  there  is  a  difference  in  ele- 
vation at  the  joint  between  the  traffic  lane  and  PCC  shoulder.  Joint 
separation  is  the  widening  of  the  joint  between  traffic  lane  and  the  PCC 
shoulder,  generally  due  to  drop-off  or  heave  in  the  shoulder.  Typically 
the  outside  shoulder  settles    due  to  consolidation,  settlement  or 
pumping  of  the  underlying  granular  or  subgrade  material.  Heave  of  the 
shoulder  may  occur  due  to  frost  action  or  swelling  soils. 

2.  Transverse,  Longitudinal  and  Diagonal  Cracking:  Cracking  is 
caused  by  a  combination  of  heavy  load  repetition,  thermal  and  moisture 
gradient  stresses  and  drying  shrinkage  stress. 

3.  Joint  Spalling:  Spalling  is  characterized  by  cracking  and 
breaking  or  chipping  of  the  pavement  at  the  joint  edge  by  some  stress- 
producing  action.  Spalling  is  caused  by  infiltration  of  highly  resistant 
particles  to  compressibility,  often  called  incompressibles,  into  the 
joints.  These  particles  resist  joint  closure  during  warm  weather  and 
produce  horizontal  shear  stresses  that  can  exceed  the  concrete  shear 
strength.  Spalls  in  pavements  with  short  slabs  usually  are  relatively 
small;  however,  in  those  with  long  slabs,  larger  spalls  have  occurred 
due  to  large  movements  and  infiltration  of  incompressibles. 
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4.  Pumping:  Pumping  is  the  ejection  of  water  under  pressure  through 
cracks  or  joints  under  moving  loads.  As  the  water  is  ejected  it  carries 
fine  material  resulting  in  progressive  material  deterioration  and  loss  of 
support.  Surface  staining  or  accumulation  of  material  on  the  surface 
close  to  the  crack  or  joint  is  evidence  of  pumping.  Pumping  becomes 
serious  when  the  volume  of  displaced  material  is  such  that  a  large  area 

of  the  slab  is  left  unsupported.  This  results  in  increased  surface  deflec- 
tions and  permanent  deformations  under  loads  and  ultimate  failure. 

5.  Blow-ups:  Blow-ups  sometimes  occur  extensively  in  long  jointed 
concrete  pavements  (>  30  ft  [9.15  m]  joint  spacing).  They  occur  in  hot 
weather  at  a  transverse  joint  that  is  not  wide  enough  to  permit  expansion 
of  the  concrete  slabs.  The  insufficient  width  is  usually  caused  by  infil- 
tration of  incompressible  materials  into  the  joint  space  during  cool 
weather  when  the  joint  is  open. 

2. 3  Current  Shoulder  Design  Practice 

During  the  1972  Annual  Meeting  of  the  Transportation  Research  Board 
(TRB),  a  conference  session  was  held  on  "Current  Practices  in  Shoulder 
Design,  Construction,  Maintenance,  and  Operations"  (18).  This  session 
showed  a  need  for: 

1.  Construction  of  full-depth  monolithic  pavements  throughout  the 
entire  width  of  the  shoulder  area; 

2.  Eliminating  the  "drop-off"  or  "raised  shoulder"  at  the  right- 
hand  pavement  edge;  and 

3.  Eliminating  shoulder  structural  distress  due  to  traffic  loadings. 

Since  that  session  was  held,  a  considerable  amount  of  research  about 
the  problems  encountered  in  shoulder  serviceability  and  maintenance  and 
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the  basic  needs  for  good  PCC  shoulders  has  been  conducted.  One  of  the 
most  important  conclusions  that  the  overwhelming  majority  of  researchers 
agree  upon  is  that  the  PCC  shoulder  design  in  current  use  has  developed 
primarily  by  trial  and  error  (2)  and  past  experience.  Two  recent  surveys 
were  conducted  by  Portigo  (3)  and  Hicks,  Barksdale,  and  Emery  (11), 
illustrating  the  current  status  of  shoulder  design.  Portigo  (3)  deter- 
mined the  following: 

a.  Only  fifteen  states  have  documented  policies  regarding  shoulder 
design. 

b.  Twenty-eight  states  have  no  documented  policies,  but  have 
shoulder  paving  standards.  Six  of  these  states  evaluate  individual  proj- 
ects before  making  decisions  on  paving. 

c.  Five  states  pave  the  shoulder  integrally  with  the  mainline  pave- 
ment. 

California  and  Iowa  are  the  only  states  with  a  design  procedure  for 
their  shoulders  (3).  The  shoulders  are  designed  for  one  percent  of  the 
mainline  traffic  with  a  minimum  traffic  index  of  5  in  California.  Iowa 
designs  its  shoulders  for  the  maximum  wheel  load,  using  the  same  design 
procedure  as  used  for  the  mainline  pavement  (19). 

Thus,  most  states  do  not  have  a  set  policy  for  design  of  PCC  shoulders 
and  the  process  of  trial  and  error  and  engineering  experience  determined 
the  shoulder  construction  practices  that  have  developed.  Hicks,  Barksdale, 
and  Emery  (11)  conducted  a  survey  of  portland  cement  concrete  shoulder 
designs  which  is  reproduced  in  Table  2.1. 

During  February,  1977,  Taragin  (1),  as  a  part  of  NCHRP  Project  20-5, 
"Synthesis  of  Existing  Information  Related  to  Highway  Problems,"  (Topic 
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8-03  entitled  "Design  and  Use  of  Highway  Shoulders")(l ),  sent  a  question- 
naire that  consisted  of  a  series  of  items  divided  into  three  main  areas 
of  concern  related  to  highway  shoulders:  a)  policy  and  procedures,  b) 
design  (geometric  and  structural),  and  c)  operations  (traffic  and  main- 
tenance). Highlights  of  the  replies  from  43  out  of  all  the  50  states 
that  received  the  questionnaire  are  summarized  in  the  following  paragraphs 

In  response  to  a  question  about  the  criteria  used  by  the  states  to 
select  the  shoulder  type,  only  one  state  (1  of  43)  considers  the  percent- 
age of  trucks  in  the  traffic  stream  as  their  criteria  and  uses  it  in 
design. 

With  respect  to  the  criteria  used  to  determine  shoulder  thickness, 
interestingly  enough,  no  state  reported  using  the  truck  traffic  as  their 
criteria.  Eight  states  use  past  experience  and  trial  and  error,  and 
another  8  states  have  no  established  policy  for  shoulder  thickness. 

Nearly  two-fifths  of  the  states  (17  of  43)  do  not  construct  the 
shoulder  originally  for  use  as  a  travel  lane,  but  they  reconstruct  the 
shoulder  when  and  if  needed  for  traffic  use,  and  as  mentioned  earlier, 
none  of  these  17  states  reported  using  truck  traffic  as  a  criterion  for 
reconstruction.  A  like  number  of  states  (17  of  43)  have  no  provision  or 
policy  to  upgrade  the  shoulder,  even  when  needed  as  a  travel  lane. 

The  predominant  right  shoulder  width  used  by  the  states  is  10  feet. 
The  left  shoulder  width  varies  considerably  more  than  the  right  shoulder 
width.  Although  16  states  of  the  39  reporting  this  information  specify 
a  4  feet  (1.22  m)  median  shoulder,  the  remaining  23  states  vary  the  median 
shoulder  width  from  3  to  10  feet  (.91  to  3.0  m)  depending  on  the  traffic 
volume  and  on  the  number  of  traffic  lanes. 
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On  the  question  whether  the  states  have  special  shoulder  design, 
36  states  provided  negative  answers.  Of  the  7  remaining  states  that  do 
have  special  designs  for  their  shoulders,  only  3  states  are  experiment- 
ing with  shoulder  material  and  full-depth  paved  shoulders.  Of  the  4 
other  states,  only  Pennsylvania  requires  that  paved  shoulders  be  pro- 
vided for  reconstruction,  rehabilitation,  or  resurfacing  projects  on 
Interstates  and  other  major  arterials  and/or  collector  roads. 

One  of  the  biggest  problems  of  shoulder  maintenance  is  the  joint 
between  the  shoulder  and  the  travel  lane.  Twenty-four  of  the  43  states 
reporting  replied  that  they  have  no  effective  method  to  properly  main- 
tain the  joint.  Of  the  remaining  19  states  a  variety  of  methods  have 
been  tried,  mostly  experimental,  with  "more  or  less  satisfactory  results." 

Are  shoulders  presently  designed  and  constructed  suitable  for  traffic 
operations?  Although  25  states  are  satisfied  with  the  suitability  of 
their  shoulders  for  the  present  time,  and  7  states  indicated  that  their 
shoulders  are  suitable  only  for  certain  condition,  10  of  the  43  states 
indicated  that  the  shoulders  are  not  suitable  for  traffic  operations. 

Temporary  use  of  shoulders  during  maintenance,  construction  or  emer- 
gencies is  allowed  in  36  states  at  all  times,  in  4  states  sometimes, 
and  not  allowed  at  all  in  only  3  states.  The  use  of  shoulders  as  a  tem- 
porary lane  during  peak  traffic  is  allowed  only  in  3  states.  One  state 
permits  such  use  only  as  a  turning  lane.  The  reason  for  this  restricted 
use  of  shoulders  in  most  of  the  states  is  believed  to  be  due  to  the  struc- 
tural and  geometrical  inadequacy  of  these  shoulders  in  carrying  the  loads. 
On  the  other  hand,  nearly  all  of  the  states  permit  the  shoulder  to  be  used 
for  disabled  vehicles. 
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From  the  previous  review  of  the  state-of-the-art  for  PCC  shoulder 
design  and  use,  it  is  concluded  that  the  lack  of  adequate  PCC  shoulder 
design  is  one  of  the  major  research  areas  that  is  of  concern  to  researchers 
as  well  as  to  the  states.  The  use  of  the  AASHO  Interim  Guide  procedure 
(21)  to  design  PCC  shoulders  is  highly  questionable  and  should  not  be 
adopted  without  extensive  study.  The  critical  loading  condition  at  the 
edge  of  the  shoulder  produces  a  stress  and  deformation  state  that  is 
different  from  that  caused  by  the  largely  interior  loading  condition  in 
the  mainline  slab  that  occurred  at  the  AASHO  Road  Test  (trucks  were  inten- 
tionally kept  away  from  the  slab  edge).  Excessive  moisture  concentrations 
due  to  surface  drainage  at  the  edge  of  the  shoulder  and  the  resultant 
pumping  of  the  fine  material  from  under  the  shoulder  can  accentuate  the 
difference  and  make  the  behavior  of  PCC  shoulder  under  critical  loading 
conditions  even  more  complicated.  The  lack  of  consideration  of  tieing 
the  PCC  shoulder  to  the  concrete  travel  lanes  and  its  effect  on  stresses 
and  deformations  in  the  shoulder  makes  the  AASHO  procedure  even  less 
applicable. 
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CHAPTER  3 
STRUCTURAL  ANALYSIS  OF  PCC  SHOULDERS 


3.1  General 


The  structural  analysis  of  concrete  shoulders  and  adjoining  traffic 
lanes  requires  a  structural  model  with  wide  ranging  capabilities.  None 
of  the  classical  methods  have  the  required  capabilities  (22-27).  The  develop- 
ment of  the  finite  element  method  of  structural  analysis  has  provided  the 
technology  for  accurately  characterizing  concrete  shoulders  and  traffic 
lanes. 

3.2  Finite  Element  Model 


The  finite  element  model  presented  here  was  originally  developed 
by  Huang  and  Wang  (28)  for  determining  the  stresses  and  deflections  in 
concrete  slabs  with  load  transfer  at  the  transverse  joints.  This  method 
has  been  modified  at  the  University  of  Illinois  to  handle  problems  such 
as  PCC  shoulder  design.  The  method  is  based  on  the  theory  of  minimum 
potential  energy  by  dividing  the  slab  into  small  elements  interconnected 
only  at  a  finite  number  of  nodal  points.  The  major  advantages  of  the 
finite  element  method  are  that  elements  of  varying  sizes  can  be  easily 
incorporated  in  the  analysis  and  that  no  special  treatment  is  needed  at 
a  free  edge.  As  a  result,  the  finite  element  method  generally  yields 
a  stiffness  matrix  that  is  symmetric,  positive,  and  definite,  and  the 
large  number  of  simultaneous  equations  can  be  solved  by  an  effective 
scheme,  although  this  symmetric  characteristic  was  not  fully  utilized 
in  this  model  because  of  the  assumption  of  load  transfer  at  the  joint. 
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3.2.1     Description  of  Model 

The  finite  element  model  employed  in  this  research  is  based  on  the 
classical  theory  of  thin  plates  by  assuming  that: 

a.  The  plane  before  bending  remains  a  plane  after  bending; 

b.  The  slabs  are  homogeneous,  isotropic,  and  elastic; 

c.  The  subgrade  acts  as  a  Winkler  foundation,  i.e.,  the  reactive 
pressure  between  subgrade  and  slab  at  any  given  point  is  proportional 
to  the  deflection  at  that  point  (dense  liquid  approximation  of  the  sub- 
grade). 

The  procedure  follows  essentially  that  of  Zienkiewicz  and  Cheung 
(29)  and  its  general  approach  is  as  follows: 

The  rectangular  plate  element  used  in  this  model,  originally  developed 

by  Melosh  (30),  is  shown  in  Figure  3.1.  At  each  node  of  this  element 

there  are  three  forces  and  three  corresponding  displacements.  The  three 

forces  are  a  vertical  force,  F  .  a  couple  about  the  x-axis,  FQv;  and  a 

w  ox 

couple  about  the  y-axis,   Ffl  .     The  three  displacements  are  the  deflection 
in  the  z-direction,  w,   a  rotation  about  the  x-axis,   0   ;  and  a  rotation 
about  the  y-axis,   9  .     These  forces  and  displacements  are  related  by: 


F. 
l 

F. 
J 

Fk 

Fl 

=   [K] 


6. 
l 

63 


'1 


+  kab 


6', 


1 


(3.1) 


in  which  [K]  =  stiffness  matrix,  the  coefficient  of  which  depends  on 
the  dimensions,  a  and  b,  of  the  element,  and  the  Young's  modulus  and 
Poisson's  ratio  of  the  slab;  k  =  modulus  of  subgrade  reaction;  and  at 
any  given  node  i : 
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F.  = 

l 


~F 

WI 

F6xi 

Jeyi 

6.  = 

l 


Wi 


XI 

3  . 


6'i  " 


w. 
1 

0 
0 


(3.2) 


The  stiffness  matrix  for  a  rectangular  element  was  tabulated  by  Zienkiewicz 
(29)  and  is  used  in  this  model.  By  superimposing  the  stiffness  matrices 
over  all  elements  and  replacing  the  nodal  forces  with  the  equivalent  of 
the  externally  applied  loads,  a  set  of  simultaneous  equations  was  obtained 
for  solving  the  unknown  nodal  displacements  and  a  force-displacement  rela- 
tionship for  all  nodes  of  the  pavement  model  in  the  global  system  is 
developed  as 


{F}g  =  [K]g  {6}g 


(3.3) 


where  {F}  is  a  vector  containing  all  the  global  forces,  {6}  contains 
y  y 

all  global  displacements,  and  [K]  is  the  global  stiffness  matrix.  The 
nodal  moments  and  stresses  were  then  computed  from  the  nodal  displacements, 
using  the  stress  matrix  tabulated  by  Zienkiewicz  (29).  Because  the  stresses 
at  a  given  node  are  computed  by  means  of  one  element,  they  might  be  differ- 
ent from  than  by  the  neighboring  elements.  Thus  the  stresses  in  all 
adjoining  elements  were  computed  and  their  average  values  obtained. 

3.2.2    Transverse  and  Longitudinal  Joints 

The  finite  element  model  provides  an  effective  method  for  analyzing 
concrete  slabs  with  doweled  or  rebar  tied  joints.  The  efficiency  of  load 
transfer  at  the  joint  can  be  defined  in  terms  of  either  deflection  or  stress 

d 


Eff,  -  =  ~r  x  100 
def   d, 


(3.4a) 
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Eff stress  "  if  x  10°  (3.4b) 


where:  EFF  =  efficiency  of  deflection  or  stress  in  percent 


d,  =  deflection  at  loaded  side  of  joint 


du  =  deflection  at  unloaded  side  of  joint 


su  =  stress  at  unloaded  side  of  joint 
s.  =  stress  at  loaded  side  of  joint 

When  no  load  is  transferred  across  the  joint  the  d  =  0,  s  =0,  and 

the  efficiency  is  zero.  When  du  =  dL  and  su  =  sL  both  sides  of  the  joint 

have  the  same  deflection  and  stress,  and  the  efficiency  is  100  percent. 

By  assuming  the  discontinuity  of  the  two  adjacent  slabs  at  the  joint, 
equilibrium  equations  for  the  whole  system  of  nodal  points  in  terms  of 
unknown  displacements  are  developed.   In  this  step  it  is  assumed  there 
is  neither  moment  nor  shear  transfer  across  the  joint.  Since  dowel  bars 
transmit  only  a  small  moment  from  one  slab  to  the  other,  addition  of  the 
dowel  bars  can  be  assumed  to  effect  only  those  equations  that  give  verti- 
cal forces  at  each  node.  Finally,  by  equating  the  sum  of  two  equations 
corresponding  to  vertical  forces  at  every   two  adjacent  nodes  at  the  joint, 
to  the  external  force  applied  at  that  node,  the  number  of  equations  is 
reduced.  However,  at  every   two  adjacent  nodes  at  the  joint  the  efficiency 
equation  (Eq.  3.4)  is  added  to  the  set  of  the  equilibrium  equations  and 
the  total  number  of  equations  remains  unchanged. 

The  finite  element  model  used  in  this  analysis  of  concrete  shoulders 
(called  MODKEN)  provides  for  an  equality  between  load  transfer  between 
deflection  and  stress.  For  example,  if  the  deflection  load  transfer  EFF 
is  50  percent,  then  the  stress  load  transfer  EFF  is  also  50  percent.  Thus 
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all  graphs  and  equations  contained  herein  follow  this  definition.   In 
reality,  there  is  a  difference  between  deflection  and  stress  load  transfer. 
A  more  comprehensive  FE  model  called  "ILLI-SLAB"  (59)  was  used  to  account 
for  the  difference  between  the  two  efficiencies.  Figure  3.2  was  prepared 
using  the  "ILLI-SLAB"  program.  This  plot  shows  that,  for  example,  if 
deflection  load  transfer  is  80  percent,  the  stress  load  transfer  is  only 
42  percent.  This  difference  will  be  considered  in  the  design  of  concrete 
shoulders  in  Chapters  4  and  5. 

3.2.3    Computer  Program 

The  finite  element  model  computer  program  can  determine  the  slab 
stresses  and  deflections  due  to  applied  traffic  loadings.  The  program 
can  handle  one  slab,  two  or  three  slabs  connected  by  transverse  joints, 
or  four  or  six  slabs  connected  by  longitudinal  and  transverse  joints. 
The  efficiency  of  load  transfer  at  each  joint  can  be  specified  as  defined 
in  Equation  3.4. 

The  tire  imprints  of  the  wheel  load  are  specified  as  rectangular 
areas,  and  the  coordinates  of  their  sides  must  be  input  so  that  the 
program  can  distribute  the  wheel  loads  among  the  adjacent  nodal  points 
by  statics.  The  program  can  handle  any  number  of  wheel  loads  at  the  same 
time.  The  additional  computer  time  due  to  these  additional  loads  is  very 
small  because  Guass  elimination  of  the  coefficient  matrix  is  carried  out 
only  once  regardless  of  the  number  of  loads  involved. 

The  program  can  be  used  to  investigate  the  effect  of  partial  subgrade 
contact  on  stress  distribution.  The  nodal  number,  at  which  subgrade 
reaction  resulting  from  loss  of  subgrade  contact  does  not  exist,  can  be 
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assigned,  and  the  second  term  on  the  right  side  of  Equation  3.1  will  be 
automatically  eliminated  at  these  nodal  points  when  forming  the  simul- 
taneous equations.  The  modified  version  of  the  program  (called  MODKEN) 
was  written  in  FORTRAN  IV  for  the  IBM  360  computer  and  is  available  at 
the  University  of  Illinois  computer  center. 

3.2.4    Comparison  of  Measured  and  Computed  Load  Stress  and  Deflection 
A  comparison  is  made  between  the  finite  element  solutions  and  exper- 
imental measurements  so  that  the  validity  of  the  method  as  applied  to 
actual  pavements  can  be  tested.  The  results  of  the  strain  and  deflection 
measurements  from  the  AASHO  Road  Test  (13)  provide  excellent  data  for  making 
such  comparisons.  Tests  were  conducted  on  the  main  traffic  loops  where 
the  strain  and  deflection  due  to  moving  traffic  were  measured  at  the  slab 
edge  far  from  a  transverse  joint.  The  length  of  slabs  consisted  of  15 
ft  (4.6  m)  non-reinforced  sections  and  slab  thickness  ranged  from  5  to 
12.5  in.  (12.5  -  31.25  cm). 

The  finite  element  program  requires  the  modulus  of  elasticity  and 
the  Poisson's  ratio  of  concrete,  the  modulus  of  subgrade  reaction,  k, 
and  the  axle  load.  The  measured  dynamic  modulus  of  concrete  was  6.25 
x  106  psi  (4.31  x  107  kPa)  and  the  Poisson's  ratio  was  0.28.  The  deter- 
mination of  the  subgrade  k-values  is  much  more  difficult  because  it  changes 
appreciably  with  the  time  of  the  year.   The  elastic  k-values  on  the  subbase 
obtained  by  the  plate  bearing  test  at  the  AASHO  Road  Test  varied  from 
approximately  85  to  200  lb/in.3  (231  to  543  kPa/cm)  over  all  the  loops 
throughout  the  two  years.  Two  k-values  of  108  and  150  pci  (293  and  407 
kPa/cm)  were  used  in  the  FE  analysis  conducted  to  verify  the  closeness 
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of  the  program  to  the  measured  values  at  the  AASHO  Road  Test.  The  first 
value,  108  pci  (293  kPa/cm),  is  the  mean  k-value  that  was  measured  during 
the  spring  trenching  program  between  April  23  and  May  25,  1960.  The 
second  value,  150  pci  (407  kPa/cm)  is  somewhat  of  an  overall  average  from 
the  loops  as  indicated  from  Figure  3-8,  Reference  13. 

The  single  and  tandem  axle  loading  configurations  are  shown  in  Figures 
3.3  and  3.4,  respectively. 


The  stress  comparison  for  single  axles  is  shown  in  Figure  3.5  and 
for  tandem  axles  is  shown  in  Figure  3.6.  The  deflection  comparison  for 
single  axles  is  shown  in  Figure  3.7  and  for  tandem  axles  is  shown  in  Figure 
3.8.  The  distance  from  the  edge  of  the  slab  to  the  center  of  the  wheel 
load  was  20  in.  (50  cm)  in  the  FE  analysis,  which  is  similar  to  the  17-22 
in.  (43-56  cm)  measured  for  the  actual  loadings.  Compressive  strain  at 
the  top  of  the  slab  was  measured  in  the  longitudinal  direction,  1  in. 
(2.5  cm)  from  the  edge  of  the  slab.  The  strain  and  edge  deflection  measure- 
ments were  correlated  with  axle  load,  PCC  slab  thickness,  and  temperature 
difference  (standard  differential)  and  regression  equations  were  developed 
(13).  The  theory  of  elasticity  was  used  to  convert  the  strain  equations 
into  stress  equations  (31).  The  axle  loads  used  for  these  plots  were  18 
kip  (80  kN)  single  and  36  kip  (160  kN)  tandem.  The  results  show  good 
correlation  between  the  stresses  and  deflections  computed  with  the  finite 
element  program  and  those  computed  with  the  AASHO  equations  for  both  single 
and  tandem  axles.  Thus,  the  finite  element  program  can  be  used  with 
confidence  to  computer  stresses  and  deflections  cuased  by  axle  loads. 
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3.3  Major  Design  Factors  and  Guidelines 

The  two  major  engineering  design  objectives  for  this  research  are: 
(1)  provide  a  shoulder  that  will  have  structural  adequacy  to  support 
encroaching  and  parking  traffic  loads  for  long-term  low  maintenance  per- 
formance, and  (2)  provide  a  shoulder  that  will  reduce  the  rate  of  deter- 
ioration of  the  adjacent  pavement  traffic  lane  (which  is  usually  the 
heaviest  traveled  truck  lane).  If  both  objectives  can  be  accomplished 
economically,  then  there  is  considerable  benefit  in  placing  PCC  shoulders 
during  new  construction,  or  in  replacing  deteriorated  shoulders  on  exist- 
ing highways  with  PCC  shoulders. 

As  a  result  of  the  field  surveys  and  the  literature  review  conducted 
in  this  research,  the  major  design  variables  that  affect  the  structural 
behavior  of  PCC  shoulders  are:  (1)  slab  thickness  and  tapering  of  thick- 
ness, (2)  joint  spacing,  (3)  foundation  support  and  loss  of  support,  (4) 
tie  between  shoulder  and  traffic  lane  (including  load  transfer  across  the 
longitudinal  joint),  (5)  width  of  shoulder  slab,  and  (6)  design  and 
condition  of  the  adjacent  traffic  lane.  The  PCC  shoulder  must  withstand 
both  repeated  moving  loads  and  static  loads  from  parked  vehicles.  Each  of 
these  conditions  involve  an  edge  loading  condition  from  heavy  trucks. 
The  critical  stress  for  this  load  position  is  at  the  bottom  of  the  slab 
edge,  parallel  to  the  edge  beneath  the  wheel  load,  at  midpoint  between 
transverse  joints  as  shown  in  Figures  3.3  and  3.4.  The  edge  loading 
condition  has  been  proven  to  be  the  most  critical  for  fatigue  damage  (32) 
and  the  stresses  and  deflections  resulting  for  that  condition  are,  therefore, 
referred  to  in  this  study  as  critical  stresses  and  deflections.  The  actual 
amount  of  loading  has  to  be  estimated,  and  it  varies  widely  along  a  given 
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project  and  from  one  project  to  another.  The  effects  of  moisture  and  loss 
of  support  from  pumping  and  settlement  should  also  be  considered  because 
of  the  edge  loading  conditions. 

The  critical  effect  of  edge  loadings  on  the  performance  of  all  types 
of  PCC  pavements  has  been  studied  several  times  through  the  years.  Recent 
field  and  analytical  studies  have  concluded  that  the  edge  loading  condition 
results  in  transverse  cracking  of  jointed  concrete  slabs,  and  edge  punch- 
outs  of  continuously  reinforced  concrete  pavements  (32,  33,  34,  35).  Traffic 
encroachment  studies  have  shown  that  there  exists  much  more  edge  loading 
of  the  traffic  lane  slabs  and  shoulder  encroachment  than  previously  believed 
(11,  36). 

The  influence  of  the  major  design  factors  on  the  structural  performance 
of  PCC  shoulders  is  determined  using  both  the  finite  element  (FE)  model 
previously  discussed  and  results  from  field  studies. 

3.3.1    Major  Design  Factors 

Shoulder  Thickness 

The  effect  of  thickness  of  the  PCC  shoulder  on  the  critical  tensile 
stress  caused  by  an  encroaching  wheel  load  (18-kip  single  axle  load  (80 
kN))  is  shown  in  Figure  3.9.  The  design  configuration  is  typical  and 
consists  of  a  traffic  lane  thickness  of  8  in.  (20.3  cm),  width  of  12  ft 
(3.6  m),  and  length  of  15  ft  (4.6  m).  The  PCC  shoulder  is  10  ft  (3.0  m) 
wide  and  ranges  in  uniform  thickness  from  4  to  12  in.  (10  -  31  cm).  Three 
different  lane/shoulder  longitudinal  joint  stress  load  transfer  efficiencies 
are  shown. 
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As  the  thickness  (h  )  increases  from  4  to  12  in.  (10  -  31  cm),  tensile 
stress  decreases.  The  rate  of  decrease  is  much  more  rapid  for  slabs  less 
than  8  in.  (20  cm)  when  stress  load  transfer  efficiency  is  low  (i.e.,  0 
to  50  percent).  When  the  shoulder  is  not  tied  to  the  lane  (i.e.,  EFF  =  0 
percent)  the  stresses  approach  or  exceed  the  range  of  flexural  strength  of 
PCC,  for  slabs  less  than  8  in.  (20  cm).  Stresses  greater  than  about  500 
psi  (3450  kPa)  will  result  in  cracking  of  the  shoulder  with  only  a  few 
heavy  load  applications.  The  effect  of  joint  load  transfer  is  large  as 
subsequently  discussed.  If  there  is  reasonable  load  transfer  (i.e.,  50 
percent)  and  slab  thickness  (>_  8  inches)  the  effect  of  increased  thickness 
on  stress  is  reduced  at  the  lane/shoulder  joint.  For  parking  trucks,  a 
wheel  load  will  occur  at  the  outside  edge  of  the  shoulder  where  the  load 
transfer  is,  of  course,  0  percent.  Thus,  the  thickness  design  of  PCC 
shoulders  should  consider  both  loading  positions  and  the  number,  of  appli- 
cations at  each  position. 

Width  of  PCC  Shoulders  (B) 

The  width  of  shoulder  affects  both  critical  stress  and  deflections 
in  the  shoulder  slab.  Figures  3.10  and  3.11  show  these  effects  over  a 
range  of  design  conditions.  The  load  transfer  efficiency  is  0  percent, 
h  ,  varies  from  6-12  in.  (15-30  cm),  and  foundation  support  varies  from 
"poor"  (k  =  50  pci  or  136  kPa/cm)  such  as  saturated  clay,  to  "stiff" 
(k  =  500  cpi  or  1360  kPa/cm)  such  as  a  thick  stabilized  subbase.  The 
deflection  increases  very   rapidly  for  a  width  of  less  than  about  5  ft 
(1.5  m).  For  "poor"  foundations  narrow  PCC  shoulders  experience  high 
deflections  with  thickness  (h  )  having  minimal  effect.  Wider  shoulders 
(B  >  5  ft)  show  thickness  having  a  more  significant  effect  on  deflections. 
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The  effect  of  width  on  critical  stress  is  shown  in  Figure  3.11. 
Widening  the  shoulder  from  3  ft  to  5  ft  (0.9  -  1.5  m)  reduces  stress 
20  percent  for  an  8  in.  (20  cm)  thick  slab  for  example,  and  widening 
the  shoulder  from  5  to  10  ft  (1 .5  -  3.0  m)  causes  a  decrease  of  only 
5  percent.  The  effect  of  shoulder  width  on  tensile  stress  is  about  the 
same  regardless  of  slab  thickness.  Thus,  for  structural  purposes,  a  shoulder 
wider  than  5  ft  (1.5m)  has  a  reduced  effect  on  the  critical  stresses  from 
encroaching  truck  traffic  near  the  longitudinal  joint.  If  a  narrow 
shoulder  is  required,  the  critical  stress  can  be  reduced  to  allowable  levels 
by  increasing  the  shoulder  slab  thickness  and/or  joint  efficiency.  For 
example,  a  10  ft  (3.0  m)  wide  shoulder  of  8  in.  (20  cm)  thickness  has  a 
tensile  stress  of  370  psi  (2551  kPa)  under  an  encroaching  truck  wheel 
load  shown  in  Figure  3.11.  If  the  shoulder  were  to  be  constructed  only 
3  ft  (0.9  m)  wide,  the  thickness  required  for  the  same  stress  is  10.1 
in.  (25.6  cm). 

Tapering  of  PCC  Shoulder 

Tapering  of  the  PCC  shoulder  has  been  used  on  some  existing  CRCP 
projects.  The  effect  of  tapering  on  deflections  and  stresses  in  the 
shoulder  and  the  CRCP  traffic  lane  is  shown  in  Figures  3.12  through  3.17. 
Uniformly  tapered,  stepwise  tapered,  and  uniform-equivalent  thickness 
of  concrete  shoulders  (Figure  3.12)  were  analyzed  and  compared  for  three 
different  loading  conditions.  Traffic  lane  loading  (Figure  3.13),  en- 
croached loading  (Figure  3.14),  and  parked  traffic  loading  (Figure  3.15 
and  Figure  3.16)  conditions  were  used  for  comparison.  The  thickness  of 
the  uniform-equivalent  shoulder  was  chosen  such  as  it  will  result  in  the 
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same  cross-sectional  area  as  the  other  two  shoulder  types  (equal  quantities 
of  concrete  are  used  in  the  three  shoulder  sections). 

The  effect  of  shoulder  tapering  on  stresses  and  deflections  in  the 
traffic  lane  due  to  traffic  lane  loading  is  shown  in  Figure  3.13.  There 
is  only  a  minimal  effect  on  stresses  and  almost  no  effect  on  deflections. 
The  load  transfer  systems  used  in  this  example  kept  the  stresses  within 
an  acceptable  range  (about  250  psi ) (1723  kPa)  for  the  different  shoulder 
designs. 

The  effect  of  shoulder  tapering  on  stresses  and  deflections  in  the 
concrete  shoulder  due  to  encroached  traffic  is  shown  in  Figure  3.14. 
The  effect  is  minimal  to  none  also  in  this  case,  and  the  load  transfer 
system  used  kept  the  stresses  within  an  acceptable  range  (about  300  psi) 
(2070  kPa)  for  the  different  shoulder  designs.  The  effect  of  shoulder 
tapering  on  stresses  and  deflections  in  the  shoulder  due  to  parked  traffic 
is  shown  in  Figure  3.15  and  Figure  3.16.   In  this  case  the  effect  on 
stresses  near  the  outer  edge  of  the  shoulder  is  relatively  higher  than 
the  previous  two  cases.  Using  a  shoulder  with  uniform  thickness  of  7 
in.  (17.8  cm)  will  reduce  the  stresses  to  400  psi  (2758  kPa)  from  the 
500  psi  (3447  kPa)  when  6  to  8  in.  (15-20  cm)  tapering  is  used  (Figure 
3.15).  Using  a  shoulder  with  a  uniform  thickness  of  8  in.  (20  cm)  will 
reduce  the  stresses  even  more  to  320  psi  (2206  kPa)  from  the  450  psi 
(3102  kPa)  when  6  to  8  in.  (15-20  cm)  tapering  is  used  (Figure  3.16). 
The  effect  on  deflections,  however,  is  minimal  to  almost  nil. 

The  previous  figures  show  that  shoulder  tapering  does  not  have  any 
effect  on  the  critical  stress  in  the  traffic  lane  or  in  the  shoulder  near 
the  longitudinal  joint.  However,  critical  stresses,  in  the  shoulder 
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near  the  outside  edge,  occuring  from  parked  trucks  on  the  shoulder  with 
the  wheels  at  the  outer  edge,  make  the  use  of  uniform-equivalent  thickness 
more  favorable.  Figure  3.17  shows  that,  with  the  levels  of  stress  shown 
in  Figure  3.16  and  Figure  3.17,  from  the  concrete  fatigue  side  point 
the  ratio  of  allowable  load  applications  at  the  inner  edge  of  the  shoulder 
to  those  at  the  outer  edge,  is  very   high.  This  indicates  that  the  outside 
shoulder  edge  will  probably  need  far  fewer  load  applications  until  cracking 
than  the  inside  edge  near  the  traffic  lane.  On  the  other  hand,  the  ratio 
of  the  allowable  load  applications  until  failure  of  both  edges  of  the  PCC 
shoulder  when  tapered  shoulder  is  used  is  higher  than  the  ratio  when 
uniform-equivalent  shoulder  thickness  is  used.  Then  the  uniform-equivalent 
thickness  of  PCC  shoulder  will  provide  a  cross  section  that  experiences 
fatigue  consumptions  at  both  edges  closer  to  each  other  than  is  the  case 
with  the  tapered  shoulder.  This  is  an  important  step  for  optimization 
of  PCC  shoulder  structural  design  since  the  fatigue  lives  of  both  edges 
of  the  shoulder  are  closer  to  each  other. 

Foundation  Support  and  Loss  of  Support 

The  impact  of  varying  subgrade  support  is  illustrated  in  Figure  3.18. 
The  influence  of  the  subgrade  is  much  greater  for  thin  shoulder  sections 
(e.g. ,  bins). 

The  effect  of  loss  of  support  beneath  the  shoulder  edge  near  the  lane/ 
shoulder  joint  is  shown  in  Figure  3.19.  A  loss  of  support  of  12  in.  (30 
cm)  is  considered,  which  could  be  caused  by,  for  example,  the  settlement 
of  a  subsurface  drain  trench  beneath  the  shoulder.  The  increase  in  critical 
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stress,  when  this  12  in.  (30  cm)  loss  of  support  occurs,  is  about  25 
percent.  This  increase  in  stress  can  be  adjusted  by  increasing  shoulder 
slab  thickness  by  approximately  1.4  in.  (3.5  cm)  for  an  original  6  in. 
(15  cm)  shoulder,  for  example. 

Lane/Shoulder  Tie  (Load  Transfer  (EFF)) 

The  extent  of  "tie"  between  the  concrete  traffic  lane  and  PCC  shoulder 
affects  load  transfer,  separation  of  shoulder  from  lane,  and  settlement 
or  heave  of  the  PCC  shoulder.  The  effect  of  the  lane/shoulder  tie  as 
indicated  by  joint  stress  load  transfer  efficiency  on  critical  stress 
in  the  shoulder  is  shown  in  Figure  3.9.  At  the  4-8  in.  (10-20  cm)  range 
of  thickness,  the  extent  of  stress  joint  efficiency  has  a  very   large 
effect  on  stress.  Changing  from  0  to  50  percent  efficiency  reduces 
stress  by  a  factor  of  2.1,  and  to  100  percent  a  factor  of  3.3  for  a  6  in. 
(15  cm)  shoulder  slab.  The  reduction  in  critical  stress  for  a  joint 
efficiency  from  0  to  50  percent  is  most  significant. 

Shoulder  Joint  Spacing 

The  effect  of  joint  spacing  on  the  performance  of -PCC  shoulders  is 
shown  in  Figures  3.20  and  3.21.  These  are  based  on  data  obtained  from 
the  field  survey  of  the  three  sections  of  10  year  old  plain  PCC  shoulders 
located  in  Illinois.  Most  of  the  sections  were  tied  with  rebars  to  the 
mainline  pavement.  Figure  3.20  shows  the  effect  of  joint  spacing  on 
percent  joints  spalled.  As  the  shoulder  joint  spacing  exceeds  20  ft 
(6.1  m),  the  proportion  of  spalled  shoulder  joints  increased  rapidly  to 
the  point  where,  with  a  spacing  of  100  ft  (30  m),  all  joints  are  spalled. 
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The  relationship  between  shoulder  joint  spacing  and  percent  shoulder  slabs 
cracked  is  shown  in  Figure  3.21.  Again,  as  the  joint  spacing  exceeds 
20  ft  (6.1  m)  a  very   rapid  increase  in  slab  cracking  occurs.  A  number 
of  the  transverse  cracks  had  spa! led.  Also,  numerous  blowups  were  found 
in  sections  having  joint  spacings  of  about  40-100  ft  (12-30  m),  and  only 
one  blowup  for  joint  spacing  of  20  ft  (6.1  m). 

Other  field  surveys  on  mainline  pavements  and  experimental  field 
tests  have  shown  the  benefits  of  using  short  joint  spacings  (32,  35). 

PCC  Shoulder  Effect  on  Traffic  Lane 

The  PCC  shoulder  also  has  an  influence  on  the  performance  of  the 
adjacent  traffic  lane.  Figures  3.22  and  3.23  show  the  influence  of  tied 
PCC  shoulder  to  continuously  reinforced  concrete  pavements  (CRCP)  on 
stresses  at  the  top  of  the  slabs  and  deflections  along  section  x-x  (see 
figures).  Using  a  load  transfer  system  that  consists  of  #3  tiebars  at 
24  in.  (61  cm)  center  to  center,  for  example,  reduced  the  maximum  stresses 
by  about  50  percent.  Also  Figure  3.23  (where  a  2  ft  (60  cm)  loss  of  support 
under  the  traffic  lane  exists)  shows  that  it  reduced  the  stresses  from 
a  very   high  level  (more  than  500  psi  (3447  kPa))  that  will  result  in 
the  start  of  an  edge  punchout  after  only  a  few  load  applications,  to  an 
acceptable  stress  value  (about  250  psi  (1723  kPa)  in  either  of  the  two 
slabs.  The  deflections,  especially  in  Figure  3.23,  are  reduced  drastically; 
consequently,  the  possibility  of  pumping  of  fine  materials  is  also  reduced. 
Figures  3.24  and  3.25  show  the  influence  of  PCC  shoulder  thickness  and  the 
load  transfer  efficiency  across  the  lane/shoulder,  respectively.  An 
increase  from  4  to  8  in.  (10-20  cm)  in  shoulder  thickness  in  Figure  3.24 
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will  decrease  the  tensile  stress  at  point  B  (see  figures)  by  only  about 
15  percent  and  will  decrease  the  deflections  at  point  A  by  only  about 
10  percent.  However,  Figure  3.25  shows  that  by  improving  the  load  transfer 
system  from  no  tie  (0  percent)  to  a  perfect  load  transfer  (100  percent), 
the  tensile  stress  at  point  B  will  be  reduced  by  almost  70  percent  and  the 
deflections  at  point  A  by  almost  50  percent.  The  importance  of  points 
A  and  B  is  in  the  fact  that  point  A  is  the  critical  point  in  the  CRCP 
traffic  lane  for  deflections  that  cause  pumping  of  the  fine  materials  from 
underneath  the  slab.  Point  B  is  the  critical  point  for  the  initiation 
of  punchouts  in  CRCP  pavement  due  to  high  stresses. 

PCC  shoulders  also  influence  stresses  and  deflections  when  built 
and  tied  to  jointed  concrete  pavements  (JCP)  as  shown  in  Figures  3.26 
through  3.28.  Figure  3.26  shows  the  influence  of  PCC  shoulder  on  the 
critical  traffic  lane  edge  stress.  As  the  stress  load  transfer  effi- 
ciency increases  from  0  percent  (no  effect)  to  100  percent,  the  critical 
edge  stress  reduces  about  50  percent.  The  decrease  is  more  rapid  for 
up  to  50  percent  efficiency.  The  influence  of  the  PCC  shoulder  on  traffic 
lane  deflections  is  shown  in  Figure  3.27.   If  the  joint  has  100  percent 
efficiency,  the  deflection  decreases  about  50  percent  for  this  example. 

The  influence  of  both  shoulder  width  and  load  transfer  efficiency 
on  critical  stress  is  shown  in  Figure  3.28.  The  width  of  the  shoulder 
has  a  large  influence  in  reducing  stress  in  the  traffic  lane  for  a  width 
up  to  3  ft  (0.9  m).  Beyond  that  width  there  is  almost  no  effect.  The 
strong  influence  of  joint  load  transfer  is  again  indicated. 
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These  analytical  results  show  that  PCC  shoulders  should  have  a  bene- 
ficial influence  on  the  performance  of  the  adjacent  traffic  lane  if  the 
load  transfer  is  reasonable.  Field  surveys  were  conducted  along  the 
entire  length  of  two  projects  (1-74  and  1-80)  where  PCC  shoulders  were 
located.  All  distress  types  were  recorded  in  the  traffic  lane  adjacent 
to  the  PCC  shoulders.  Both  projects  were  constructed  about  10  years  pre- 
vious and  contained  CRCP  in  the  traffic  lanes.  In  general,  extensive 
structural  distress  was  found  in  portions  of  both  projects  that  did  not 
contain  PCC  shoulders,  and  little  distress  was  found  in  the  portions 
containing  the  shoulders.  Results  are   given  in  Table  3.1.  On  1-74 
there  was  evidence  of  pumping  in  areas  not  including  the  PCC  shoulders. 

Joint  separation  and  settlement  of  the  shoulders  were  also  deter- 
mined on  the  two  projects.  On  1-74,  it  was  found  that  the  sections  with 
tie  bars  experienced  virtually  no  joint  separation  while  the  sections 
without  tie  bars  experienced  joint  separation  that  ranged  between  1/2  - 
1  in.  (12.5  -  25  mm).  On  1-80,  all  sections  with  PCC  shoulders  that 
were  surveyed  are  tied  to  the  traffic  lane  with  anchor  bars.   It  was 
found  that  some  joint  separation  up  to  0.5  in.  (12.5  mm)  had  occurred 
where  the  bars  had  pulled  out  (the  anchors  were  only  embedded  2  ins. 
(51  mm)  into  the  traffic  lane  slab). 

The  survey  on  Illinois  Route  116  showed  that  the  sections  that  have 
tie  bars  had  joint  separation  of  less  than  0.2  in.  (5  mm)  while  the 
section  that  had  a  longitudinal  keyway  only  had  a  joint  separation  of 
up  to  0.5  in.  (12.5  mm).  The  section  that  has  neither  tie  bars  nor  keyway 
experienced  a  joint  separation  up  to  1  in.  (25  mm).  Thus,  tie  bars  embedded 
sufficiently  into  the  traffic  lane  and  shoulder  slabs  are  absolutely 
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required  to  maintain  a  tight  joint  so  that  high  load  transfer  efficiency 
can  be  maintained  over  a  long  time  period. 

3.3.2    Design  Guidelines 

Slab  Thickness  and  Tapering 

The  PCC  shoulder  thickness  has  a  very   significant  influence  on  critical 
stress  from  encroaching  traffic  loads  (Figure  3.9).  Two  load  positions 
must  be  considered  to  determine  required  thickness:   (1)  the  inside  edge 
near  the  lane/shoulder  longitudinal  joint,  and  (2)  the  outside  "free" 
edge.  The  inside  longitudinal  joint  edge  is  subjected  to  many  more  load 
applications  than  the  outside  edge,  but  if  the  shoulder  is  tied  to  the 
lane  with  reasonable  load  transfer,  the  inside  edge  stress  will  be  signi- 
ficantly reduced  (i.e.,  from  580  -  290  psi  (4000  to  2000  kPa)  for  a  6  in. 
(15  cm)  shoulder  with  50  percent  joint  efficiency)  as  shown  in  Figure  3.9. 
Because  the  stress  reduction  is  so  large,  it  is  believed  that  the  outer 
free  edge  may  control  design  thickness  when  a  reasonable  lane/shoulder 
tie  is  provided  (Figures  3.12  through  3.17).  A  minimum  thickness  of  6  in. 
(15  cm)  is  presently  recommended  since  thinner  slabs  will  have  very   high 
stresses  when  loaded  with  typical  heavy  trucks,  that  would  tend  to  crack 
the  slab  with  only  a  few  applications.  Thicker  shoulders  may  be  required 
depending  on  truck  traffic,  the  amount  of  traffic  lane  edge  structural 
support  desired,  foundation  support,  load  transfer  at  joint,  and  shoulder 
width. 

A  summary  of  performance  data  from  two  Illinois  projects  is  shown 
in  Table  3.2.  Both  pavements  carried  heavy  truck  traffic  (especially 
1-80).  The  50  percent  slabs  cracked  on  1-74  are  some  cause  for  concern, 
but  the  long  25  ft  (7.6  m)  joint  spacing  had  an  effect  on  the  cracking 
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since  similar  adjacent  10  ft  (3  m)  long  slabs  did  not  show  any  cracking. 
The  8-6  in.  (20  -  15  cm)  tapered  shoulders  on  1-80  under  heavy  traffic 
performed  very   well  with  only  5  percent  cracked  slabs. 

Although  tapering  of  the  shoulder  thickness  between  the  two  edges 
has  been  considered  to  save  on  concrete  quantities,  it  may  not  be  the 
best  design  for  the  following  reasons: 

a.  The  critical  stress  load  position  is  the  outside  free  edge  when 
reasonable  load  transfer  is  used  across  the  lane/shoulder  joint,  caused 
by  either  parked  trucks  or  moving  traffic  using  the  shoulder  as  a  detour 
around  a  closed  lane. 

b.  Tapering  tends  to  put  the  entire  pavement  section  in  a  "bathtub" 
which  entraps  water  in  the  structural  section  (i.e.,  water  may  seep  back 
under  the  shoulder  slab  towards  the  traffic  lane). 

c.  It  is  doubtful  if  there  is  any  construction  economic  benefit 
due  to  the  additional  grading  required  for  tapering. 

Shoulder  Width 

Required  shoulder  width  is  generally  dictated  from  geometric/safety 
considerations.  However,  the  width  influences  stresses  and  deflections 
in  the  shoulder  and  in  the  adjacent  traffic  lane  if  they  are  tied  together. 
Tied  shoulder  width  should  be  at  least  3-5  ft  (91-152  cm)  to  provide 
maximum  structural  benefits  (stress  and  deflection)  to  the  traffic  lane 
and  shoulder.  A  narrower  shoulder  could  be  used  (with  load  transfer) 
to  help  reduce  edge  stresses  in  the  traffic  lane,  but  a  thicker  PCC 
shoulder  slab  is  required. 
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Lane/Shoulder  Tie 

The  lane/shoulder  tie  is  a  very   effective  way  of  reducing  the  crit- 
ical stress  and  deflection  to  prevent  separation  at  the  joint.  The  effect 
of  joint  efficiency  (or  extent  of  load  transfer)  on  the  critical  shoulder 
stress  is  shown  in  Figure  3.29  for  a  typical  design  situation.  The  pro- 
vision of  a  tie  system  that  provides  at  least  50  percent  load  transfer 
would  reduce  critical  stress  to  acceptable  levels.  The  shape  of  the  curves 
show  that  there  is  really  only  a  small  advantage  in  providing  more  than  50 
percent  load  transfer. 

There  are  essentially  two  methods  of  obtaining  this  level  of  load 
transfer  and  tieing  the  lane  and  shoulder  together  along  the  longitudinal 
joint: 

a.  Use  of  a  keyed  joint  with  tie  bars  that  hold  the  joint 
very   tight. 

b.  Use  of  a  butt  joint  with  tie  bars  that  hold  the  joint 
very   tight. 

Tie  bars  or  anchor  bolts  have  been  used  on  most  PCC  shoulders  con- 
structed to  date.  Field  studies  were  conducted  and  the  long  term  deflection 
load  transfer  of  the  experimental  shoulders  in  Illinois  was  determined. 
Results  are  shown  in  Table  3.3  and  Table  3.4.  On  1-74,  after  10  years 
in  service  (2.7  million  18  kip  (80  kN)  ESAL),  the  deflection  load  transfer 
efficiency  for  rebar  tied  shoulders  with  a  keyway  ranged  from  70  to  98 
percent.  Those  without  tiebars  had  very   low  deflection  efficiency  (i.e., 
16  percent)  due  to  lane/shoulder  separation  (See  Table  3.2  for  the  design). 
On  1-80  after  9  years  in  service  (7  million  80  kN  (18  kip)  ESAL;  the  load 
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transfer  efficiency  for  anchor  bar  tied  shoulders  without  a  keyway  (butt 
joint)  ranged  from  31-47  percent.  The  1-80  joint  had  opened  an  average 
of  about  10  mm  (3/8  in.)  and  some  of  the  2  in. (51  mm)  embedded  anchor 
bars  had  pulled  out.  Thus  the  joint  design  on  1-80  was  not  adequate 
to  provide  long  term  deflection  joint  efficiency  of  50  percent  or  greater. 
Some  of  the  anchor  bars  had  pulled  out  and  spalled  the  surface  of  the 
traffic  lane. 

Laboratory  tests  by  PCA  (37)  showed  that  steel  tie  bars  are  effective 
in  extending  the  endurance  of  aggregate  interlock  and  keyed  joint  under 
repeated  loading.  Load  transfer  efficiency  after  about  5  million  load 
applications  was  greater  than  70  percent  for  aggregate  interlock,  keyway, 
and  smooth  joints  all  having  steel  ties. 

Thus,  if  a  tied  shoulder  has  at  least  50  percent  stress  load  transfer 
efficiency, stresses  in  both. the  traffic  lane  and  shoulder  are  significantly 
reduced.  A  50  percent  stress  transfer  efficiency  corresponds  approximately 
to  an  85  percent  deflection  transfer  according  to  Figure  3.2.  Figures  3.23 
and  3.25  show  a  reduction  of  almost  50  percent  in  critical  tensile  stress 
in  CRCP  traffic  lane  (Point  B).  Figures  3.28  and  3. 29  -show  30  and  55 
percent  reduction  for  JCP  traffic  lane  and  PCC  shoulders,  respectively. 
One  problem  that  has  been  noticed  is  when  the  PCC  shoulders  are  on  high 
fills  there  is  a  tendency  for  the  outer  edge  to  settle  and  some  joints 
have  separated  either  by  pulling  out  the  tie  bars  from  the  PCC  or  rupture 
of  the  steel.  Consideration  should  be  given,  therefore,  to  increase 
the  number  of  tie  bars  for  greater  load  transfer  reliability  and  to 
prevent  separation. 
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Foundation  Support 

The  PCC  shoulder  can  be  placed  directly  on  the  subgrade  soil,  a 
granular  subbase,  or  a  stabilized  subbase.  These  foundation  conditions 
can  generally  be  considered  as  "poor",  "moderate",  and  "stiff",  respectively. 
Analysis  shows  that  PCC  shoulders  having  "poor"  support  (i.e.,  k  -  50  pci 
(136  kPa/cm))  have  high  deflections  and  stresses.  The  provision  of  a 
"moderate"  support  level  (i.e.,  k  -  200  pci  (544  kPa/cm))  appears  justi- 
fied. However,  using  a  stiffer  foundation  support  is  not  very   effective 
in  reducing  deflections  or  stresses  further.  Field  results  (5,  6)  in 
Illinois  have  shown  little  difference  in  performance  to  date  for  those 
sections  having  granular  subbase  or  fine  grained  soil  subbases.  However, 
drainage  continuity  considerations  and  the  effect  of  moisture  on  the  types 
of  materials  used  should  be  considered  when  selecting  the  subbases  to 
avoid  a  "bathtub"  cross  section  and  to  minimize  the  tendency  of  frost 
heave  under  the  shoulder. 

Slab  Length 

Based  on  results  from  the  field  survey,  a  maximum  slab  length  of 
15  ft   (4.6  m)   is  recommended.     The  rationale  behind  this  choice  is  shown 
in  Figures  3.20  and  3.21.     These  two  figures  clearly  show  that  using 
slabs  longer  than  15-20  ft  (4.6  -  6.1  m)  will   result  in  shoulder  dis- 
tresses, namely  joint  spalling  and  increased  transverse  cracking. 

Short  slab  lengths  eliminate  the  need  for  steel  reinforcement  and 
reduce  the  joint  movement  to  a  small  enough  level  that  it  does  not  force 
cracks  to  open  up  on  the  adjacent  traffic  lane  for  either  CRC  or  JCP 
pavements.  For  plain  jointed  pavements,  the  shoulder  joint  pattern 
should  match  the  traffic  lane,  although  intermediate  joints  may  be 
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placed  if  the  traffic  lane  joint  spacing  is  greater  than  20  ft  (6.1  m). 
Intermediate  joints  should  be  placed  where  the  traffic  lanes  are  jointed 
reinforced  concrete.  None  of  the  transverse  joints  require  dowels, 
unless  the  shoulder  is  to  be  used  as  a  regular  traffic  lane. 

Effect  of  Shoulder  on  Traffic  Lane 

The  effect  that  the  shoulder  has  on  stress  and  deflection  of  the 
traffic  lane  is  through  (1)  the  load  transfer  of  the  longitudinal  joints, 
and  (2)  minimizing  the  edge  pumping  potential.  As  shown  in  Figures  3.22 
through  3.28,  the  efficiency  of  load  transfer  between  the  traffic  lane 
and  shoulder  is  of  significant  importance  to  the  traffic  lane.  Figures 
3.23  and  3.25  show  that  CRCP  traffic  lane  critical  stress  (Point  B)  could 
be  reduced  by  more  than  50  percent  if  a  reasonable  load  transfer  (e.g., 
#3  tie  bars  @  24  in.  (61  cm)  corner  to  corner)  is  used.  Deflections 
at  Point  A  would  be  reduced  by  more  than  40  percent  from  the  same  load 
transfer  system.  Figures  3.26  and  3.28  show  that  JCP  traffic  lane  critical 
edge  stresses  could  be  reduced  by  more  than  30  percent  if  joint  stress 
transfer  efficiency  of  50  percent  is  used.  Figure  3.27  shows  that  the 
traffic  lane  edge  deflection  could  be  reduced  by  about  one-third  with 
50  percent  efficiency.  Reduction  of  stresses  and  deflections  would, 
therefore,  improve  the  performance  of  the  traffic  lane  as  indicated  by 
the  data  in  Table  3.1  for  CRCP.  From  Figures  3.22  through  3.28  an  optimum 
design  of  a  shoulder  with  regard  to  improving  the  performance  of  the 
traffic  lane  is  to  provide  maximum  load  transfer  across  the  longitudinal 
joint  with  a  thickness  (>  6  in.  (15  cm)),  width  (>  3  ft  (.9  cm)),  and 
foundation  support  (-  200  pci  (54.2  MN/m  )).  Provision  of  a  PCC  shoulder 
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either  on  new  construction  or  for  rehabilitation  of  an  existing  shoulder 
is  expected  to  have  a  beneficial  effect  if  these  design  requirements 
are  provided. 

The  condition  and  design  of  the  existing  traffic  lane  should  be 
determined.   If  distress  associated  with  edge  traffic  loadings  are 
occurring,  then  special  consideration  should  be  given  to  provide  high 
load  transfer  and  adequate  shoulder  thickness  to  reduce  the  critical 
stresses  and  deflections  in  the  traffic  lane. 
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Figure  3.7.  Comparison  of  Edge  Deflections  Computed  with  the  Finite 

Element  Program  and  Those  Measured  at  the  AASHO  Road  Test 
for  Single  Axles  (Load  placed  20  in.  [508  mm]  from  joint 
and  deflection  measured  at  edge). 
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Figure  3.8.  Comparison  of  Edge  Deflections  Computed  with  the  Finite 

Element  Program  and  Those  Measured  at  the  AASHO  Road  Test 
for  Tandem  Axles  (Load  placed  20  in.  [508  mm]  from  joint 
and  deflection  measured  at  edge). 
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Figure  3.14.     Continued 
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Figure  3.20.  Effect  of  Joint  Spacing  of  PCC  Shoulder  on  Joint  Spall ing 
(Data  from  10  year  old  Illinois  Projects). 
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Figure  3.21.      Effect  of  Joint   Spacing  of  PCC  Shoulder  on  Transverse 
Cracking   (Data   from  10  year  old  Illinois  Projects). 
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Figure  3.28.  The  Effect  of  Lane/Shoulder  Tie  and  Width  of  PCC 
Shoulder  on  Tensile  Stress  of  Traffic  Lane. 
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Figure  3.29.  Effect  of  Traffic  Lane/Shoulder  Tie  (Joint  Efficiency) 
on  Tensile  Stresses  in  the  Bottom  of  PCC  Shoulders. 
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Table  3.1.  Distress  in  Traffic  Lane  from  Two  CRCP  Projects  Having 
PCC  Shoulders  Along  a  Portion  of  Their  Length. 


Project 

Age 
Years 

Length 

of  Project 

in  Miles 

PCC 
Shoulders 

Edge 
Punchouts/mi . 

Wide 
Cracks/mi . 

1-80 

9 

5.7 

No 

6.0 

7.9 

1.8 

Yes 

1.1 

5.0 

1-74 

10 

5.0 

No 

4.0 

1.6 

0.8 

Yes 

0.0 

0.0 

(1  mile  =  1609  m) 
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Table  3.2.  Nummary  of  Performance,  'Traffic,  and  Design  Data 
from  Two  Illinois  Experimental  Projects. 


TRAFFIC/ 
DESIGN  • 
PARAMETERS 
1 .  Age,  years 

2.  Traffic  Lane  Thickness 

3.  PCC  Shoulder  Thickness 


Highway 


1-74 


10 


18  cm  (7  in.)  CRC 
15  cm  (6  in.) 


4.   Jt.  Spacing 
5.   Tie 


5-   Mean  ADTT  (in  adjacent 

truck  lane) 
7.  80  KN  ESAL  (18- kip) 
in  adjacent  lane 

over  life 
8.  Percent  Slabs 
Cracked 


3-30.5  m  (10-100  ft.) 
Tie  bars  and  no  tie  bars 

#4  Bar  76  cm  (30  in.)  long 

76  cm  (30  in. )  c.  to  c. 

950 

2.7  x  106 


1-80 

9 

20  cm  (8  in.)  CRC 

20  cm  (8  in. )  at  joint, 

tapers  to  15  cm  (6  in. ) 

at  outside  edge 

6.1  m  (20  ft.) 

Anchor  bars 

2  in.   Embedded 
in  Traffic  Lane, 
15  in.    shoulder 

2140 
7.0  x  106 


0  (3.05m  Joint  Spacing 

5  (6.10  m 

60  (7.60  m 

90  (12.20  m 

100  (15.25  m 

100  (18.30  m 

100  (24.40  m 

100  (30.50  m 
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Table  3.3.  Field  Measurement  Data  on  10  Year  Old  Illinois  PCC 
Shoulders  to  Determine  Longitudinal  Lane/ 
Shoulder  Joint  Efficiency  (1-74  sections 
described  in  Table  3.2). 


Shoulder 
Design 

Mean  Edge* 
Deflection  - 
Traffic  Lane 

Mean  Edge* 
Deflection- 
Shoulder 

Deflection 
Load  Transfer 
Efficiency 
(%) 

1 

Tiebars, 
keyway , 
and  Granular 
Subbase 

0.1143  mm 
(0.0045  in.) 

0.1118  mm 
(0.0044  in.) 

97.8 

2 

Tiebars, 
keyway 
no  subbase 

0.1448  mm 
(0.0057  in.) 

0.1016  mm 
(0.0040  in.) 

70.2 

3 

No  tiebars, 
keyway,  with 
granular 
subbase 

0.2108  mm 
(0.0083  in.) 

0.0330  mm 
(0.0013  in.) 

16.0 

*Deflections  measured  with  Benkleman  Beam  using  84.4  kN  (19,000  lb) 

single  axle.  Procedure  similar  to  that  used  at  AASH0  Road  Test  (Ref.  13) 

with  outside  of  duals  7.5-15  cm  (3-6  in.)  from  traffic  lane  slab  edge 

and  beam  probe  at  traffic  lane  edge  and  at  shoulder  edge  (creep  speed 
deflection) . 
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Table  3.4  field  Measurement  Date  on  9  Year  Old  Illinois  PCC  Shoulders 
to  Determine  Longitudinal  Lane/Shoulder  Joint  Efficiency 
(1-80  sections  described  in  Table  3.2). 


Shoul der 
Desi  gn 

Mean    Edge 
Def lection- 
Traffic    Lane 

Mean   Edge 
Def lecti  on- 
Shoul der 

Deflection 
Loacf  Transfer 
Ef  f  i  ci  ency 
(%) 

Tiebars, 
and   Granular 
Subbase 
(Intermedi  ate) 

0.231 1  mm 
(0.0091   in.) 

0.0889  mm 
(0.0035   in.) 

38.5 

Ti  ebars ,  ^rcv«^Ur 

Subbase 
(Coarse) 

0.246*+  -mm 
(0.0097  in.) 

0.0762  mm 
(0.0030  in.) 

31.0 

Tiebars, 

wi  th 
No    Subbase 

0.2159  mm 
(0.0085  in.) 

0.1016     mm 
(  0.0040-  in.) 

^7.0 

Deflections  measured  with  Benkleman  Beam  using  121.3  kN  (27,300  lb) 
tandem  axle.  Procedure  similar  to  that  used  at  AASH0  Road  Test  (Ref.  13) 
with  outside  of  duals  7.5-15  cm  (3-6  in.)  from  traffic  lane  slab  edge  and 
beam  probe  at  traffic  lane  edge  and  at  shoulder  edge  (creep  speed  deflection) 
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CHAPTER  4 
DEVELOPMENT  OE  PCC  SHOULDER  DESIGN   PROCEDURE 

This  chapter  discusses  the  development  of  a  fatigue  design 
procedure  for  plain  jointed  concrete  shoulders.     The  objective  of 
the  fatigue     design     is  to  provide  adequate  slab  thickness  to  control 
cracking  of  the  slabs,  which  is  one  of  the  most  serious  types  of 
distress  requiring  maintenance. 

4.1     Critical    Fatigue  Location  in  Shoulder 

Location  of  the  critical   point  at  which  cracking  initiates  in 
the  PCC  slab  is  vital   to  the  development  of  a  fatigue  analysis  with 
an  objective  of  controlling  slab  cracking.     The  location  of  the  criti- 
cal  point  is  determined  using  both  field  and  slab  fatigue  analysis 
results. 
4.1.1     Initiation  of  Cracking-Field  Results 

A  few  road  tests  have  been  conducted  where  the  cracking  of  plain 
jointed  PCC  slabs  was  carefully  recorded.     Results  from  the  AASHO  and 
Michigan  Road  tests  and  also  observations  made  on  in-service  pavements 
during  a  previous  research  are  presented. 

The  AASHO  Road  Test  provides  data  relative  to  the  initiation  of 
cracking.     Transverse  cracking  occurred  first  on  61   out  of  91    plain 
and  reinforced  concrete  sections  and  "usually  began  with  a  crack 
originating  at  a  point  on  the  edge  of  the  pavement  at  least  5  feet 
(1.5  m)   from  the  transverse  joint"   (13).     Although  longitudinal 
cracking  initiated  first  in  the  other  30,   it  usually  occurs  in  thin 
slabs  2.5  to  5.0  in.    (63-127  mm)  and  not  on  thicker  slabs  of  6  in. 
(15  cm)  or  greater  which  are  under  consideration  in  this  study.     The 
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location  of  the  first  crack  in   31   plain  jointed  concrete  sections   is 
as  follows: 

Distance  from  Joint  Number  of 

to  Transverse  Crack,  ft  Failed  Sections 

0-5  5 

5-10  20 

10-15  6 

(1   ft  =  0.305  m) 

An  example  of  crack  initiation  and  progression  for  an  8  in.    (20  cm) 
plain  slab  section  is  shown  in  Figure  4.1.     The  initiation  of  most 
of  the  cracking  at  the  slab  edge  near  the  midpoint  of  the  slab  is 
apparent. 

Results   from  the  Michigan  Test  Road   (38)   also  show  transverse 
cracking  to  be  the  dominant  type  occurring  for  slabs  of  8  in.    (20  cm) 
thick  having  joint  spacing  ranging  from  10  to  30  ft  (3  to  9  m) . 
Cracking  per  mile    (1609  m)   in  1955  is  as  follows: 

Joint  Spacing,   ft  (1    ft  =  0.305  m) 


30 

20 

15 

Transverse 

296 

139 

50 

Diagonal 

7 

6 

0 

Longitudinal 

4 

20 

11 

Transverse  cracking  occurred  much  more  than  any  other  types  of 
cracking. 

Several    heavily  trafficked  plain  jointed  concrete  pavements  were 
examined  during  the  field   survey  as  a  part  of  the  zero-maintenance 
pavement  research  project  (32)   and   the  types  of  cracking  noted  and 
summarized.     Transverse  cracking  was  observed  in  12  pavements,   corner 
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cracking  occurred  in  one,   and  longitudinal   cracking  occurred  in 

three  projects. 

4.1.2     Initiation  of  Cracking-Fatigue  Analysis 

As  a  part  of  the  research  project,  "Design  of  Zero-Maintenance 
Pavements"   (32)   that  was  developed  at  the  University  of  Illinois, 
a  comprehensive  fatigue  analysis  was  conducted  using  the  finite 
element  method  and  Miner's  fatigue  damage  hypothesis  to  determine 
theoretically  the  critical   point  in  the  slab  where  cracking  should 
initiate.     Two  positions  in  the  slab  were  evaluated: 

1.  Near  the  transverse  joint  where  longitudinal   cracking 
initiates. 

2.  At  mid-slab  between  the  transverse  joints  where  transverse 
cracking  initiates. 

These  locations  and  the  direction  of  critical    stresses  are  shown 
in  Figure  4.2. 

A  fatigue  analysis  showed  that  when  the  mean  lateral    placement 
(D)  of  the  axle  loads   using  the  slab  is  less   than  36  in.    (0.9  m), 
the  critical   fatigue  damage  is  at  D  =  0  or  the  slab  edge,  and, 
therefore,  cracking  should  definitely  initiate  at  the  outer  edge  of 
the  slab. 

The  fatigue  analysis  also  showed    that  the  magnitude  of  damage  for  the 
mid-slab  edge  position  is  much  higher  than  the  transverse  joint  posi- 
tion when  both  were  subjected  to  the  same  average  lane  traffic.     Thus, 
transverse  cracking  would  theoretically  be  expected  to  occur  long 
before  longitudinal   cracking  occurred. 

Hence,   both  field  and  analytical   results   indicate  that  for 
normal   highway  loadings  and  slab  widths  the  critical    fatigue  damage 
is  at  the  slab  edge. 
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4.2     Development  of  Fatigue  Damage  Analysis 

A  comprehensive  PCC  shoulder  fatigue  damage  analysis  was  developed 
based  upon  the  following: 

-  The  critical   fatigue  damage  location  in  the  shoulder  is  at  the 
slab  longitudinal   edge  midway  between  the  transverse  joints. 

-  Critical  edge  stresses  caused  by  traffic  loads  are  considered 
to    cause      transverse  cracking. 

-  Load  stresses  are  computed  using  a  finite  element  program  which 
has  been  shown  to  provide  close  results. 

-  The  proportion  of  mainline  traffic  encroaching  on  the  shoulder 
inner  edge  and/or  parking  on  the  shoulder  is  used  in  the 
fatigue  analysis. 

-  Fatigue  "damage"   is  computed   and  accumulated  according  to  Miner's 
hypothesis   (52). 

-  A  correlation  between  computed  fatigue  "damage"   and  measured 

cracking  was  determined  and  limiting  "damage"   for  PCC  shoulder 
design  is  selected. 
4.2.1     PCC  Fatigue 

Several   laboratory  studies  have  shown  that  plain  PCC  beams 
experience  fatigue  failure  when  subjected  to  high  repetitive  flexural 
stresses   (39  through  48).     Also,  several    road  tests  and  many  in-service 
PCC  slabs  have  been  observed  to  experience  fatigue  cracking  when 
subjected  to  many  applications  of  heavy  truck  traffic  (13,   34). 

Results  from  laboratory  studies  showed  that  the  number  of  repeated 
loads  that  PCC  can  sustain  in  flexure  before  fracture  depends  upon  the 
ratio  of  applied  flexural   stress  to  the  ultimate  static  flexural 
strength  or  modulus  of  rupture.     The  results  also  showed  that  Miner's 
damage  hypothesis,  which  assumes  linear  accumulation  of  damage,  does 


85 


not  give  exact  prediction  of  failure  of  PCC.     However,   data  from 
recent  tests   indicate  that  the  inaccuracy  of  Miner's  hypothesis  is 
not  very  significant  compared  to  the  large  variability  in  strength 
and  fatigue  life  that  is  typical   of  PCC   (49).     Hence,   it  was  con- 
cluded that  Miner's  hypothesis  represents  the  cumulative  damage 
characteristics  of  concrete  in  a  reasonable  manner  (49). 

Fatigue  data  were  obtained  during  a  previous  study  for  plain  PCC  beams 
from  three  studies   (40,  49,  60).   A  R-N  plot  of  140  tests  from  these  studies 
is  shown  in  Figure  4.3.  The  plot  shows  a  large  scatter  of  data,  and  the  data 
from  the  three  studies  generally  overlay  each  other.     A  least  square 
regression  curve  was  fit  through  the  data  as  shown  (Curve  1)    (32). 

LoglQ  N   =  17.61    -   17.61    (R)  (4.1) 

where: 

N  =  number  of  stress  applications  to  failure  of  beam. 
R  =  ratio  of  repeated  flexural  stress  to  modulus  of 
rupture. 
Standard  error  =  1.4  (of  log  N). 
This  equation  is  a  mean  regression  curve  in  that  it  represents  a 
failure  probabil ity  of  0.5  or  50  percent.  Hilsdorf  and  Kesler  (42), 
for  example,  established  curves  for  various  probabilities  of  failure 
based  upon  their  data,  and  the  curve  for  a  probability  of  0.05  or 
5  percent  is  plotted  in  Figure  4.3  (Curve  2).  The  fatigue  curve 
used  in  design  by  PCA  is  also  shown  in  Figure  4.3  (Curve  3)  which 
is  much  lower  than  the  P  =  0.05  curve  for  lower  stress  ratios. 

The  applicability  of  these  laboratory  fatigue  results  from  beam 
specimens  to  the  fatigue  of  actual  pavement  slabs  under  field  conditions 
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has  never  been  established.     Many  differences,   such  as  age  of  slab, 
thickness  variation,  variation  of  PCC  strength,  etc.,  exist  between 
laboratory  and  field  conditions  that  probably  result  in  different 
fatigue  responses.     The  complexities  due  to  these  differences  are  so 
great  and  available  information  is  so  limited  that  any  laboratory 
curves  used  to  estimate  the  fatigue  damage  in  field  slabs  must  be 
"calibrated"  based  on  field  data  as  presented  in  Section  4.3.     Addi- 
tional  research  on  PCC  slab  fatigue  is  greatly  needed. 

The  concrete  fatigue  curve  used  for  design  purposes  was  the  same 
one  used  in  the  zero-maintenance  design  for  plain  jointed  concrete  by 
Darter  (32): 

Log  Nd  =  16.61    -   17.61    (R)  (4.2) 

This  expression  provides  a  safety  margin  of  one  decade  of  load 
applications  as  shown  in  Figure  4.3  (Curve  4),  and  represents  probability 
of  24  percent.   This  curve  will   also  be  used  in  this  research. 
4.2.2     Shoulder  Truck  Traffic 

Truck  traffic  on  shoulders  consists  of  moving  encroachments  near 
the  longitudinal   joint,   parked  trucks  with  wheel   loads  near  the  out- 
side edge,  and  use  as  an  additional    traffic  lane.     One  of  the  most 
important  factors  that  affects  the  lateral   distribution  of  truck 
traffic  in  the  outside  traffic  lane  is  the  existence  of  shoulders,  and 
whether  the  shoulder  is  paved.     The  encroachment  of  truck  traffic  onto 
the  shoulder  depends  mainly  on  the  lateral   placement  in  the  adjacent 
traffic  lane.     Available  evidence   (32)   indicates  that  when  there  is  a 
paved  shoulder  and  no  lateral   obstructions,  there  is  a  definite 
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tendency  of  trucks  traveling  on  the  outer  lane,  to  shift  several 
inches  (cm)  towards  the  slab  edge.  Data  collected  by  Taragin  (51) 
in  1956  for  12  ft  (3.6  m)  concrete  traffic  lanes  found  that  the  mean 
lateral  distance  of  mainline  truck  distribution  to  be  11  in.  (28  cm) 
from  the  edge  when  paved  shoulders  are  used  and  25  in.  (63.5  cm)  when 
gravel  or  grass  shoulders  are  used.  This  lateral  shift  towards  the 
slab  edge  increases  the  number  of  truck  encroachments  onto  the  shoulder 
accordingly. 

Similarly,  there  are  some  important  factors  that  affect  the  amount 
of  parked  trucks  along  a  given  highway  section.  Factors  such  as  the 
geometric  layout  of  the  section,  its  location  relative  to  a  weighing 
station,  and  its  proximity  to  an  interchange  all  affect  the  amount  of 
parked  trucks. 

In  addition,  and  as  discussed  in  Chapters  1  and  2,  PCC  shoulders 
are  sometimes  used  for  regular  traffic  as  a  detour  around  a  closed 
lane  or  as  an  additional  lane  during  peak  traffic  hours.  Then,  conse- 
quently, these  conditions  will  have  an  effect  on  the  structural  and 
geometrical  adequacy  of  PCC  shoulders  and,  therefore,  must  be  consi- 
dered in  design. 

For  a  PCC  shoulder  to  perform  its  functions,  the  truck  traffic 
used  in  design  should  be  based  on  the  actual  future  uses  of  the  shoulder 
under  its  local  conditions  along  the  project.  This  is  a  yery   crucial 
factor  in  shoulder  design. 
4.2.3  PCC  Fatigue  Computation 

A  fatigue  analysis  procedure  was  developed  based  upon  the  results 
of  previous  sections  to  provide  a  method  of  estimation  of  traffic 
"damage"  that  could  result  in  cracking  of  the  slab.  The  basic  fatigue 
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design  philosophy  for  plain  jointed  concrete  shoulders  is  that  linear 
cracking  must  be  controlled.  This  is  possible  through  direct  consi- 
deration of  traffic  loadings,  joint  spacing,  lane/shoulder  tie, 
shoulder  width  and,  foundation  support  or  loss  of  support.  Fatigue 
"damage"  is  investigated  at  two  critical  locations  in  the  concrete 
shoulder,  the  inner  edge  as  well  as  the  outer  edge.  These  two  loca- 
tions are  very   important  in  design,  as  was  discussed  earlier  and 
therefore  must  be  analyzed  separately  in  the  design  procedure. 
The  major  steps  in  the  fatigue  analysis  are  as  follows: 

1.  Determine  axle  applications,  at  each  of  the  two  critical 
edge  locations,  in  each  single  and  tandem  axle  load  group. 

2.  Select  trial  slab/subbase  structure,  lane/shoulder  load 
transfer,  PCC  variability,  PCC  shoulder  width,  and  other  required 
factors. 

3.  Compute  the  fatigue  damage  occurring  at  each  of  the  shoulder 
edges  for  a  given  year  using  the  Miner's  accumulative  damage  hypo- 
thesis (52)  and  sum  yearly  over  the  entire  design  period. 

j=p  i=m  n.  . 
DAMAGE  =     Z       Z     ~±  (4.3) 

j=l  i=l  ij 


where 


DAMAGE  =  total  accumulated  fatigue  damage  over  the  design 

period  occurring  at  either  of  the  slab  edges, 
n.  •  =  number  of  applied  axle  load  applications  of  the  i 

magnitude  for  the  j   year. 
N-  •  =  number  of  allowable  axle  load  applications  of  the 

i   magnitude  for  the  j   year  determined  from  PCC 

fatigue  curve. 
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i   =  a  counter  for  magnitude  of  axle  load,  both  single 

tandem  axle, 
j  =  a  counter  for  years  over  design  period, 
m  =  total   number  of  single  and  tandem  axle  load  groups, 
p  =  total   number  ofyears  in  the  design  period. 

The  fatigue  damage  is  computed  at  each  of  the  slab  longitudinal  edges 
because  results  from  field  observations  of  many  jointed  concrete  pave- 
ments and  analytical   fatigue  analysis  (Sec.   4.1)   showed  the  midpoint 
between  the  transverse  joints  at  the  slab  edge  to  be  the  critical 
point  where  cracking  initiates. 

Applied  Traffic,  n.  .:     The  n.  •  is  computed  using  the  traffic  data 
for  the  year  under  consideration.   It  is  computed  using  the 
following  expression: 


n..   =   (ADT  )(T/100)(DD/100)(LD/100)(A)(365)(P/100)(C/100)(C0N)      (4.4) 


whe  re : 


ADT  =  average  daily  traffic  at  the  end  of  the  specific  year 
under  consideration. 
T  =  percent  trucks  of  ADT. 
DD  =  percent  trucks  in  direction  of  traffic  lane  adjacent 

to  shoulder. 
LD  =  lane  distribution  factor,  percent  trucks  in  design 

lane  in  one  direction. 
A  =  mean  number  of  axles  per  truck. 
P  =  percent  axles  in  the  i..  load  group. 
C  =  percent  of  total  axles  in  the  truck  traffic  lane 
that  park  on  or  otherwise  use  the  adjacent  PCC 
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shoulder  (used  for  computing  the  fatigue  damage  at 

the  outer  edge),  or 
=  percent  of  total  axles  in  the  traffic  lane  that  encroach 

on  or  otherwise  use  the  adjacent  PCC  shoulder  (used 

for  computing  the  fatigue  damage  at  the  inner  edge). 
CON  =  1  for  single  axles,  2  for  tandem  axles. 
Allowable  Traffic,  N..:  The  N. .  is  computed  from  PCC  fatigue  considera- 
tions (as  was  discussed  earlier  in  Section  4.2.1).  The  loading  stress 
is  computed  at  either  of  the  two  edges  of  the  shoulder  for  a  given  axle 
load  (single  or  tandem)  using  the  finite  element  model  discussed  earlier 
(Sec.  3.2).  The  stress  models  were  derived  using  multiple  stepwise 
regression  techniques  from  a  factorial  of  data  obtained  from  the 
finite  element  program  over  a  wide  range  of  the  design  variables: 

Shoulder  Slab  Thickness  (HI):  6,  8,  12  in. (15,  20,  30  cm) 

Traffic  Lane  Slab  Thickness  (H2):  8,  10,  14  in. (20,  25,  36  cm) 

Shoulder  Width  (  B  ):  3,  5,  7,  10  ft.  (.9,  1.5,  2.1,  3  m) 

Stress  Transfer  Efficiency  Between 

Shoulder  and  Traffic  Lane  (EFF):  0,  50,  100  percent  (See  Sec.  3.2  for 

definition)      3 
Foundation  Modulus  (K):  50,  200,  500  pci  (13.5,  54.2,  135  MN/m  ) 

Loss  of  Support  (ERODE):  0,  12  in.  (0.30  cm)  (along  the  inner 

shoulder  edge). 

The  finite  element  computed  stresses  for  all  possible  combinations  of 

these  factors  were  obtained  and  individual  equations  were  derived 

for  traffic  load  stress  (STRT)  at  each  of  the  shoulder  edges  due  to 

loading  condition  at  the  edge  under  consideration. 

The  regression  equations  determined  for  these  stresses  are   as 

fol lows: 
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Load  Stress  for  single  axle  load  at  the  outer  edge  of  the  shoulder: 
STRT  =   [L0AD/(18. 0  HI2)  ][116. 36335  +   0.64672  HI   +   17.6412  HI0'5 

•    +   15.6341    K0'25  -  63.74884  log,n  K  -  2.4917  HI 

IU  (4.5) 

-  37.44179  K"0'25  log]0  B  +  6.50848  k"0,25  HI 

-  115.5093  K"0,25  HI0,25  -  0.00123  BK  +  5.00214  B/Hl] 
Load  Stress  for  tandem  axle  load  at  the  outer  edge  of  the  shoulder: 

STRT  =   [L0AD/(36.0  Hl2)][-12.1686  +  12.36292  HI0"5  -  2.09608  HI 

-  31.73886  K"0-25  log]0  B  +  4.87304  H1K~0,25 

-  96.50225  K"0'25  HI0,25  -  0.00096  BK  +  0.031011   HI2 
+  6.75862  Hl°-75/K0-25  -  0.06193  B(log1Q(Hl 3/K) )3 

+  4.11229  B/Hl   +   140.71457  K-0'25]  (4.6) 

Equations  4.5  and  4.6  are  valid  only  when  the  width  of  the  PCC 
shoulder  (B)  is  less  than  7  feet   (2.1  m);in  this  case  only  one  wheel    (the 
wheel   at  the  edge)  of  the  axle  load  is  applied  due  to  the  geometry  of 
the  shoulder  (the  other  wheel    is  still   on  the  mainline  slab).     When 
the  width  of  the  shoulder  (B)   is  7  feet   (2.1   m)  or  more,   under  which  both 
wheels  of  the  axle  load  are  applied  on  the  shoulder  slab  simulta- 
neously, the  effect  of  the  other  wheel   on  the  critical  edge  stress 
should  be  considered.     Previous  studies  (32)   had  shown  that  the  other 
wheel  will    increase  the  edge  stress  by  5  to  15  percent  over  that 
caused  by  one  wheel.     Therefore  an  average  increase  of  10  percent  in 
the  stress  obtained  by  Equations  4.5  and  4.6  is   used  for  that  condi- 
tion.    Then, 

Load  Stress  for  B  >  7.0  ft  (2.1  m): 

STRT  =   1.10  x  STRT   (Eqs.   4.5  or  4.6)  (4.7) 
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Load  Stress  for  Single  Axle  Load  at  the  Inner  Edge: 

STRT  =   [LOAD/18.0  HI 2 )] [78 .061 05  +   0.6472  HI  +   17.6412  HI0,5 

+  10.51771   H20-5  +   15.6341    K0,5   -  63.74884  log1Q  K 

+  144.41502   (EFF  +   l)"2  +   0.63417  H1H2 

-  37.44179  K"0'25   log1Q  B  +  0.81356  H1H2K"0,25 

-  40.8387  K"0-25  HI-0'25  H20'5  -  0.00274   ERODE  H1H2 

-  0.00123  BK  +  0.08268  HI    ERODE   -  0.35561    H1H2  EFF 

+  0.0012  BK  EFF  -   135.56133   (EFF  +   l)"1'5 

-  0.12128  ERODE  EFF  -  0.94563  H1H2   (EFF  +   l)"1 

+   5.00214B/H1  +   0.0425   (H2  EFF/H1)5]  (4.8) 

Load  Stress  for  Tandem  Axle  Load  at  the  Inner  Edge: 

STRT  =   [L0AD/(36. 0Hl2)][-57. 69734  +   12.3629  HI0*5 

0   25  -0  25 

+   37.03882  H2U'"  +   140.71457  K  u'   D 

-  75.80695   (EFF  +  l)"°-67  +  59.34409   (EFF  +   l)"2 

+  0.5065  H1H2  -  31.73886  log]0  BK"0'25  +  0.60913  H1H2K"0'25 

.fl  ?i;     n   25     fl  R 

-  34.1187  K  u-"Hiu-"h2u,d  -  0.0012  H1H2  ERODE 

-  0.00096  BK  -  0.00001    BK  ERODE  +  0.06195  HI    ERODE 

+  0.031011    HI2  +   6.75862  Hl°*75/K°*25  -  0.29443  H1H2  EFF 
+  0.00102  BK  EFF  -  0.06193  B(  1  og-, 0(H1  3/K)  )3 

-  0.76851    H1H2   (EFF  +   l)'1    -  0.01283  H2  ERODE  EFF 

+  4.11229  B/Hl  +   0.03   (H2  EFF/H1)5]  (4.9) 
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where: 

LOAD  =  total    load  on  single  or  tandem  axle,   pounds 
HI   =  PCC  shoulder  thickness,   inches 
H2  =  traffic  lane  slab  thickness,   inches 

B  =  width  of  the  shoulder,   feet 
EFF  =  load  transfer  efficiency  between  shoulder  and 
traffic  lane,  percent. 
K  =  modulus  of  foundation  support  (top  of  subbase,  pci ) 
ERODE  =  erodability  of  support  along  shoulder  slab  edge,   inches 
Standard  estimate  of  error  based  on  504  data  points: 

Single  axle  of  STRT  =  16.0  psi    (110  kPa) 
Tandem  axle  of  STRT  =  12.9  psi    (89  kPa) 
These  standard  estimates  of  error  are  believed  to  be  acceptable  when 
compared  to  the  other  uncertainties  involved. 

A  computer  program,  called  JCS-1 ,  was  developed  to  compute  the 
accumulated  fatigue  damage  over  the  design  life  of  the  PCC  shoulder. 
This  data  can  be  used  to  evaluate  and  design  a  plain  jointed  concrete 
shoulder  considering  fatigue  damage. 

4.3     Limiting  Fatigue  Consumption 

The  fatigue  analysis  thathasbeen  developed  considers  directly 
the  effects  of  traffic  loadings,  shoulder  width,   traffic  lane/shoulder 
tie  and  the  loss  of  foundation  support  (i.e.,  pumping).     However,   there 
are  several    factors  that  are  not  considered  due  to  insufficient  infor- 
mation.    One  of  the  most  important  factors  may  be  the  use  of  PCC 
fatigue  curves  obtained  from  small   beams  to  estimate  the  fatigue  life 
of  large  fully  supported  pavement  slabs.     Traffic  loading  conditions 
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also  differ  considerably  between  laboratory  and  field.  Other  inade- 
quacies could  be  cited;  however,  the  point  to  be  made  is  that  the  final 
accumulated  fatigue  "damage"  based  on  Equations  4.5  through  4.9  computed 
for  a  pavement  slab  must  be  correlated  with  measured  slab  cracking  before 
a  limiting  fatigue  consumption  can  be  selected  with  confidence  for  design. 

According  to  the  Miner's  hypothesis,  a  material  should  fracture  when 
the  accumulated  "damage"  equals  1.0.  Even  if  Miner's  hypothesis  were 
exact,  variability  of  material  strengths,  loads,  and  other  properties 
would  cause  a  variation  in  accumulated  "damage"  ranging  from  much  less 
than  1.0  to  much  greater. 

In  order  to  determine  a  limiting  fatigue  damage  value  to  be  used 
in  the  design  procedure,  a  fatigue  analysis  using  the  expression  shown 
in  Eq.  3.4  was  used  on  many  in-service  pavements.  The  field  data  from 
27  projects  needed  for  the  analysis  were  obtained  by  Darter  for  the 
Zero-Maintenance  design  project  (32).  The  cracking  index  of  these  pave- 
ment sections  was  also  obtained.  From  the  analysis  on  the  sections  having 
15  to  20  ft  (4.6  -  6.1  m)  joint  spacing,  the  curve  shown  in  Figure  4.4 
was  developed.  The  data  used  for  the  curve  were  from  plain  jointed  concrete 
pavements  located  in  various  states.  The  designer,  with  the  use  of  this 
curve,  can  select  a  limiting  design  fatigue  damage  value  to  limit  the 
cracking  of  the  pavement  slabs,  or  once  the  fatigue  damage  value  is  com- 
puted for  a  given  design,  the  cracking  index  over  the  design  period  can 
be  estimated. 

As  was  dislcussed  earlier  in  Chapter  3,  during  the  field  survey  con- 
ducted on  1-74,  it  was  found  that  about  60  percent  of  the  25  foot  (7.6  m) 
shoulder  slabs  had  transverse  cracking.  The  level  of  these  cracks,  however 
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is  of  low-medium  severity,  and  therefore,  did  not  affect  the  performance 

of  the  PCC  shoulder  and  it  is  tolerated  by  the  highway  users.  The  crack- 

2         2 
ing  index  for  this  amount  of  cracking  is  25  ft/1000  ft  (0.08  m/m  ). 

Using  Figure  4.4,  the  corresponding  fatigue  damage  is  between  10  and 

10  .  The  amount  of  transverse  cracking  is  much  lower  (0-5%)  for  the  10- 

20  ft  slabs  and  is  the  reason  shorter  slabs  are  recommended  in  this  research 

This  means  that  shorter  slabs  under  similar  environmental  and  traffic 

conditions  can  carry  much  more  traffic  before  they  reach  the  cracking 
index  of  the  25  foot  slabs.  It  is  believed  that  the  highway  user  will 

tolerate  a  higher  level  of  cracking  index  when  driving  on  the  shoulder 

than  that  found  on  the  shoulders  of  the  two  projects  surveyed.  There- 

2         2 
fore,  a  cracking  index  of  35  ft/1000  ft  (0.08  m/m  )  is  recommended  to 

be  used  as  a  design  limiting  criteria  for  PCC  shoulders  on  heavily  traf- 

ficked  highways  (this  corresponds  to  a  fatigue  damage  of  10  from  Fig.  4.4). 

Recommended  fatigue  damage  values  for  high,  medium,  and  low  traffic  volume 

pavement  shoulders  are  as  follows: 

Low  Traffic  Volume  =  10       (Crack  Index  £  60) 

(ADT  of  the  mainline  <  2000) 

Medium  Traffic  Volume  =  10     (Crack  Index  %   48) 
(2000  <  ADT  <  20,000) 

High  Traffic  Volume  =  10+3     (Crack  Index  £  35) 
(ADT  >  20,000) 
A  computer  program  was  written  to  provide  fatigue  data  for  use 
in  design.  The  program  is  designated  JCS-1  (Jointed  Concrete  Shoulders-1) 
and  is  written  in  FORTRAN  computer  language  for  the  IBM- 360  digital 
computer.  The  program  can  be  adapted  for  usage  on  other  computers 
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with  only  minor  modifications.     The  computer  processing  time  for  a 
design  problem  is  about  9  seconds  for  analyzing  a  range  of  shoulder 
thicknesses.     The  storage  requirement  for  the  program  is  40,000  bytes 
(storage  area).       An  input  guide,  sample  input/output,  flow  chart, 
and  program  listing  are  given  in  the  Appendix.     The  designer  must 
specify  trial   structural  designs,  determine  the  required  inputs, 
run  the  JCS-1   computer  program,  and  analyze  the  output  fatigue  data. 
The  program  is  written  to  analyze  any  one  or  a  combination  of  shoulder 
thickness,  mainline  slab  thickness,  shoulder  width,  and  mainline/ 
shoulder  tie  and  provide  outputs  for  each  combination,  while  holding 
all   other  inputs  constant. 

The  designer  can  therefore  examine  a  range  of  shoulder  designs 
for  a  given  traffic,  and  foundation  support  with  only  one  run  of  the 
program.     A  complete  detailed  example  of  PCC  shoulder  structural   design 
is  given  in  Chapter  5. 

4.4     Structural    Design  Inputs 

The  PCC  shoulder  design  procedure  requires   the  selection  and/or 
determination  of  several    important  factors  related  to  the  PCC  shoulder 
slab,   traffic,   foundation  support,  and  traffic  lane/shoulder  tie. 
Specific  guidelines  for  the  determination  of  each  required  input  are 
provided  in  this  section. 
4.4.1     PCC  Shoulder  Design  Life 

The  actual   shoulder  life  in  years  over  which  it  is  desired  to 
provide  structural    low-maintenance  performance  is  input.     This  time 
period  may  range  from  1    to  40  years.     Normally,   the  design  life  would 
range  from  15  to  40  years  for  new  construction.    In  certain  instances, 
such  as  rehabilitating  the  traffic  lane  by  constructing  PCC  shoulder 
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adjacent  to  it,  a  shorter  interval  may  be  desired.  This  interval 
depends  mainly  on  the  remaining  design  life  of  the  traffic  lane. 
The  computer  program  developed  cannot  accept  a  fraction  of  a  year, 
such  as  20.5  years.  Only  whole  years  should  be  input. 

A  design  life  can  be  separated  into  two  or  more  analysis  periods 
if  conditions  warrant.  For  example,  consider  a  PCC  shoulder  under 
design  for  20  years.  If  it  is  expected  that  legal  load  limits  will 
increase  significantly  after  10  years,  the  program  could  be  run  for 
the  first  10  year  period  with  one  axle  load  distribution,  and  then 
the  program  could  be  re-run  for  the  next  10  years  with  a  modified  axle 
load  distribution,  and  other  necessary  changes  in  input  parameters. 
4.4.2  PCC  Slab  Properties 

Slab  Thickness:  Any  number  of  either  traffic  lane  or  shoulder  trial 
slab  thickness  can  be  selected  for  analysis.  Based  upon  the  results  of 
this  trial,  other  combinations  of  traffic  lane/shoulder  thicknesses  can 
be  tried  if  needed  until  the  limiting  design  criteria  are  met  (maximum 
fatigue  damage).  The  range  of  the  traffic  lane  slab  thickness  that 
was  used  to  develop  the  design  procedure  is  between  8  and  14  inches 
(20  and  35  cm).  For  the  PCC  shoulder  the  thickness  range  between 
6  and  12  inches  (15  and  30  cm).  The  computer  program  is  set  up  so  that 
the  designer  can  input  several  combinations  of  traffic  lane/shoulder 
slab  thicknesses  and  obtain  results  for  each  combination  by  adding 
appropriate  cards  at  the  end  of  the  original  data  deck  to  specify 
other  trial  thickness  combinations  as  indicated  in  Appendix  A  input 
guide.  Since  both  traffic  lane  and  shoulder  slab  thicknesses  are 
inputs,  this  computer  program  could  be  used  for  either  new  construc- 
tion of  PCC  shoulder  adjacent  to  new  PCC  traffic  lane  (which  should 
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be  designed  using  different  procedures)  or  rehabilitation  of  an  existing 
PCC  traffic  lane  by  constructing  PCC  shoulder  adjacent  to  it. 

Shoulder  Slab  Width:  Shoulder  slab  width  is  an  important  input 
because  of  its  effect  on  the  structural  behavior  of  the  shoulder  under 
traffic  loading.  Its  importance  extends  to  the  geometric  layout  of  the 
whole  highway  pavement  and  its  safety  standards.  If  the  geometric 
layout  of  the  highway  imposes  a  certain  shoulder  width  such  as  10  feet  (3  m) 
then  this  width  should  be  input  in  the  computer  program.  On  the  other 
hand,  if  the  shoulder  width  is  to  be  chosen  from  the  shoulder  structural 
behavior  standpoint,  then  any  number  of  shoulder  widths  can  be  analyzed 
until  the  limiting  design  criteria  are  met.  The  range  of  the  shoulder 
width  that  was  used  in  development  of  the  design  procedure  was  3  to  10  ft 
(0.9-3.0  m) .  The  computer  program  is  set  up  so  that  the  designer  can 
input  several  shoulder  widths  in  combination  with  any  slab  thicknesses 
as  was  discussed  in  the  preceding  section  and  on  the  same  slab  thick- 
ness cards  added  at  the  end  of  the  original  data  deck  as  will  be  shown 
in  Appendix  A  input  guide. 

Mean  PCC  Modulus  of  Rupture:  The  mean  modulus  of  rupture  at 
28  days  as  determined  by  the  test  procedure  specified  in  AASHO 
Designation  T-97,  using  third  point  loading,  is  the  basis  for  deter- 
mining concrete  flexural  strength.  Current  practice  for  conventional 
pavements  indicates  that  this  value  ranges  from  600  to  750  psi  (4140  to  5170  kPa) 
Alternate  designs  using  a  range  of  concrete  strengths  may  be  developed 
to  compare  the  economics  of  designs.  Agencies  use  compressive 
strength  to  determine  the  modulus  of  rupture  from  compressive 
strength.  This  relationship  was  derived  from  strength  correlation 
studies  (32): 
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FF  =  10.0  (OS)0'5  (4.10) 

where: 

FF  =  modulus  of  rupture,  3rd  point  loading,  psi 

CS  =  compressive  strength,  psi 
Coefficient  of  Variation  of  PCC  Modulus  of  Rupture:  The  modulus 
of  rupture  of  the  concrete  varies  from  point  to  point  in  the  slab 
and  this  variation  has  significant  effect  on  pavement  performance 
(53,  54).  Therefore,  it  is  important  to  consider  this  variability  in 
structural  design  where  a  high  degree  of  reliability  must  be  obtained. 
The  coefficient  of  variation  is  defined  as  follows: 

Coefficient  of  variation  {%)   ,   standard  deviation (    } 

v  '   mean  modulus  of  rupture      v    ; 

Many  transportation  agencies  have  studied  the  quality  control  of 
concrete  and  have  information  available  for  their  construction  proce- 
dures and  specifications.  Field  data  indicate  that  the  coefficient 
of  variation  ranges  from  approximately  5  to  25  percent  for  excellent 
to  poor  quality  control,  respectively.  A  mean  of  about  12  percent  can 
be  considered  typical  for  highway  paving,  and  most  projects  range 
between  10  and  15  percent.  It  is  recommended  that  construction 
control  be  adequate  to  limit  the  coefficient  of  variation  of  concrete 
to  15  percent  or  less. 

The  23  day  mean  modulus  of  rupture  (Fog)  adjusted  for  concrete 

variability  that  is  used  in  design,  is  obtained  from  the  following 

expression: 

F 
cv 


^s^*1  "ctot)  (4J2) 
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where: 

FF  =  mean  modulus  of  rupture  of  the  PCC  at  28  days,  3rd 
point  loading,  psi 
F   =  coefficient  of  variation  of  modulus  of  rupture,  % 
C  =  1.03,  a  constant  representing  a  confidence  level  of  85% 
4.4.3  Traffic 

Traffic  data  are   needed  to  estimate  the  number  of  applications  of 
single  and  tandem  axles  for  each  load  group  that  will  use  the  PCC 
shoulder  throughout  the  design  period.  These  data  are  used  in  PCC 
shoulder  fatigue  analysis. 

The  prediction  of  traffic  for  design  purposes  must  rely  on  infor- 
mation from  past  traffic,  modified  by  factors  for  growth  and  other 
expected  changes.  Most  states  accumulate  past  traffic  information 
in  the  format  of  the  Federal  Highway  Administration  W4  loadometer 
tables,  which  are  tabulations  of  number  of  axles  observed  within  a 
series  of  axle  load  groups.  These  tabulations  are  in  a  convenient 
form  for  use  in  fatigue  analysis.  Special  consideration  must  be 
given  to  heavy  axle  loads  that  are  outside  legal  limits  (overloads). 
The  effect  of  the  overloads  on  the  life  of  the  concrete  shoulder 
is  yery   serious  and  must  be  fully  considered  in  PCC  shoulder 
structural  design. 

Average  Annual  Daily  Traffic  (APT)  at  Beginning  of  Design  Period:  The 
average  annual  number  of  vehicles  (trucks  and  automobile)  that  use 
the  highway  daily  in  both  directions  at  the  beginning  of  the  design 
analysis  period,  when  the  highway  is  open  to  regular  traffic  is 
input. 
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Average  Annual  Daily  Traffic  (APT)  at  End  of  Design  Period:  The 
average  annual  number  of  vehicles  that  use  the  highway  daily  in  both  di- 
rections at  the  end  of  the  design  period.  The  average  daily  traffic  is 
assumed  to  increase  uniformly  from  the  beginning  to  the  end  of  the  anal- 
ysis period. 

Percent  Trucks  of  APT  (T):  The  number  of  trucks  expressed  as  a 
percent  of  ADT  over  the  entire  design  period  is  required.  If  pickups 
and  panel  trucks  are  included  in  this  percentage,  their  effect  must  be 
included  in  the  axle  load  distribution. 

Percent  Trucks  in  Heaviest  Traveled  Lane  (LP):  The  lanal  distri- 
bution of  trucks  varies  with  many  factors  including  number  of  lanes, 
urban/rural  location,  traffic  volume,  and  percent  trucks.  This  parameter 
can  be  best  estimated  through  manual  vehicle  counts  on  the  existing  or 
similar  highways  in  the  area.  The  approximate  lane  distribution  can  be 
estimated  using  the  following  equations  for  the  various  types  of  high- 
ways. These  equations  were  developed  by  Georgia  POT  (55),  and  were  inde- 
pendently checked  at  a  few  locations  and  found  to  give  reasonable  predic- 
tions with  measured  data: 

a.  Four  lane  rural 

LP  =  96.39  -  0.0004V  (4.12) 

b.  Four  lane  urban 

LP  =  95.76  -  0.0005V 

c.  Six  lane  urban 

LP  =  60.76  -  0.0004V  +  1.3174T 
where: 
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LD  =  percent  total  trucks  in  one  direction  in  heaviest  traveled 
lane  (i.e.,  100  percent  indicates  all  trucks  in  heaviest 
traveled  lane). 
V  =  traffic  volume  in  one  direction  (use  average  ADT  over 

design  period/2) 
T  =  percent  trucks  of  ADT 
d.   Eight  and  ten  lane  urban  freeways  have  lane  distribution  values 
ranging  from  approximately  40  to  60  percent. 

Percent  Directional  Distribution  (DP):  The  percent  of  trucks  in  one 
direction  is  normally  50.  This  parameter  converts  the  two-directional 
truck  traffic  to  one-directional  truck  traffic. 

Mean  Axles  Per  Truck  (A):  This  parameter  can  be  computed  using  data 
from  manual  counts  of  W4  loadometer  tables  by  dividing  the  total  number 
of  truck  axles  that  pass  over  a  section  of  the  highway  (single  axle  plus 
tandem  axles  which  are  counted  as  one  axle)  by  the  number  of  trucks  that 
pass  the  same  section.  The  value  of  mean  axles  per  truck  ranges  from  2.1 
to  3.0  depending  upon  the  traffic  mix.  When  pickups  and  panels  are  ex- 
cluded, it  ranges  from  about  2.5  to  3.0  with  a  mean  of  2.75  for  major 
highways. 

Trucks  That  Use  the  Shoulder:     The  number  of  trucks  that  use  the 
shoulder  is  an  important  factor  for  PCC  shoulder  design.  Shoulder  usage 
should  be  estimated  from  traffic  surveys  on  either  the  highway  under  design 
or  a  highway  of  similar  design  and  traffic.  There  are  three  types  of  traffic 
that  use  PCC  shoulders:  encroached  traffic,  parked  traffic,  and  regular 
traffic. 


103 


a.   Encroached  Traffic:  Is  the  part  of  the  mainline  traffic  that 
encroaches  on  the  shoulder  occasionally  and  then  merges  back  to  the  main- 
line. The  encroached  traffic  travels  normally  in  the  vicinity  of  the  main- 
line /shoulder  joint  and  within  a  transverse  distance  of  12  in.  (30.5  cm) 
on  the  shoulder.  The  percent  trucks  that  encroach  on  the  shoulder  should 
be  obtained  as  a  part  of  a  field  survey  in  the  area  where  the  PCC  shoulder 
is  to  be  constructed.  A  stretch  of  several  miles  is  recommended  for  such 
a  survey.  Trucks  should  be  selected  at  random  and  followed  by  observers 
over  the  selected  distance.  Records  are  made  of  the  time  the  truck  travels 
on  the  shoulder  to  determine  the  longitudinal  distance  for  each  encroach- 
ment (by  using  the  average  truck  speed  which  would  be  approximately  the 
same  as  the  observer  vehicle's  speed).  The  following  information  should 
be  obtained  from  the  shoulder  field  survey: 

•    Average  number  of  encroachments  per  truck  (NE)  in  the 

surveyed  stretch  (LS) 
t    Average  longitudinal  distance  on  the  shoulder  per 
encroachment,  miles  (ED) 

The  above  information  can  be  used  to  compute  the  number  of  load  appli- 
cations on  the  shoulder  edge  near  the  lane/shoulder  joint  in  terms  of  per- 
cent of  mainline  truck  traffic  as  follows: 

(1)  Obtain  the  ADT,  T,  and  LD  for  the  design  section.  Compute 
the  average  daily  truck  volume  in  the  lane  next  to  the  concrete  shoulder 
(LTT).  LTT  =  ADT  x  T  x  LD. 

(2)  Determine  the  total  number  of  daily  truck  encroachments 

in  the  surveyed  stretch  by  multiplying  the  average  number  of  encroachments 
per  truck  (NE)  times  the  average  daily  lane  truck  traffic  in  one  direction 
(LTT)  (Step  1). 
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(3)  Determine  the  total  encroachment  distances  in  the  surveyed 
stretch  by  multiplying  the  total  number  of  encroachments  (step  2)  by 
the  average  longitudinal  distance  on  the  shoulder  per  encroachment  (ED) 
(obtained  from  the  survey)  in  miles. 

(4)  Then  the  number  of  encroachments  for  a  given  point  (or 
section  of  ED  length)  in  the  surveyed  stretch  is  obtained  by  dividing 
the  total  encroachment  distances  in  the  surveyed  stretch  (step  3)  by 
the  length  of  the  surveyed  stretch  (LS). 

(5)  Hence,  the  proportion  of  encroaching  trucks  on  the  shoulder 
(PET)  is  the  ratio  of  the  number  of  encroachments  for  a  given  point  (step 
4)  over  the  average  daily  truck  traffic  in  one  direction  (step  1). 

pET  =  LTT  x  NE  x  ED ,.   u) 

rti       LS  x  LTT  ^.  uj  . 

This  expression  can  be  reduced  to  the  following: 

pET=NE_x_ED  (4<14) 

where 

NE  x  ED  =  Average  length  of  total  encroachments  per  truck 
in  the  surveyed  stretch,  miles 
LS  =  Length  of  surveyed  shoulder  stretch,  miles 
The  NE  x  ED  and  LS  are  inputs  to  the  computer  program.  Various  calculations 
show  the  PET  may  vary  over  ranges  of  approximately  0.01  to  0.08  (1-8  percent) 
of  the  adjacent  lane  truck  volume. 

This  above  procedure  was  used  on  1-75  at  Perry,  Georgia  (2).  Out  of 
all  the  trucks  that  use  the  highway,  approximately  2.4  percent  encroach 
on  the  outside  shoulder.  The  truck  wheels  were  found  to  be  concentrated 
primarily  within  about  12  in.  (30.5  cm)  of  the  longitudinal  joint  with 
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an  average  transverse  encroachment  distance  of  7.1  in.  (18  cm).  This 
tends  to  justify  the  use  of  the  full  percentage  of  encroached  truck 
traffic  for  structural  PCC  shoulder  design. 

Taragin  (56),  as  a  part  of  a  study  by  the  Highway  Research  Board  to 
determine  the  relative  effects  of  different  magnitudes  and  configura- 
tions of  axle  loads  on  PCC  pavements,  also  reported  that  an  average  of 
2.5  percent  of  the  mainline  truck  traffic  encroached  on  the  outside 
shoulder  of  the  test  section  to  the  extent  of  12  inches  (30.5  cm). 

The  above  studies  were  conducted  with  either  unpaved  or  different 
types  of  paved  shoulders  other  than  PCC  in  service.  This  suggests  that 
the  above  percentages  could  be  different  when  PCC  shoulders  are  in 
service.  The  location  of  the  shoulder  stretch  under  design  could  also 
affect  this  percentage.  These  factors  make  the  traffic  survey  of  the 
local  condition  of  the  highway  a  necessity. 

b.   Parked  Traffic:  Is  the  percent  of  mainline  truck  traffic  that 
parks  on  the  shoulder  for  emergency  reasons  or  otherwise.  This  input 
may  be  estimated  for  the  design  section  based  upon  traffic  counts  on 
similar  highways.   It  varies  greatly  along  a  given  project  depending 
on  geometric  and  interchange  conditions.  A  much  higher  proportion  of 
trucks  typically  park  near  to  ramps  at  interchanges.  If  this  occurs, 
specific  design  sections  should  be  selected. 

As  for  encroaching  traffic,  it  is  necessary  to  compute  the  number  of 
expected  load  applications  that  will  occur  along  the  outer  shoulder  edge 
in  the  selected  design  section.  This  is  computed  as  follows: 

(1)  A  length  of  project  must  be  selected  that  is  representative 
of  the  design  section  (DL). 
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(2)  The  ADT,  T,  and  DD  in  the  section  must  be  determined. 

(3)  The  mean  length  that  a  truck  drives  on  the  shoulder  during 
a  typical  stop  is  determined  from  actual  observations  (PL). 

(4)  The  mean  number  of  trucks  that  actually  used  the  shoulder 
in  the  design  section  for  parking  is  determined  by  visual  counting  over 
a  typical  24  hour  period.   It  should  be  noted  that  most  parking  occurs 
during  the  \/ery   early  morning  hours  and  therefore  this  period  of  time 
must  be  included. 

(5)  The  percentage  of  trucks  that  park  on  the  shoulder  is  then 
computed.  The  design  section  is  divided  conceptually  into  "subsections" 
of  length  PL.   It  is  assumed  that  probability  of  a  truck  to  park  on 
each  "subsection"  is  equal  to  P,  where 

n  _   1 

p  "  DL/PL  * 

Thus,  the  percentage  of  total  truck  traffic  in  one  direction  that  parks 
on  any  random  "subsection"  (PPT)  j_s  computed  as 

pPT  =   N  x  p  x  100  f4  15) 

KK1   ADT  x  T  x  DD  ^' ID; 

where       N  =  average  number  of  parked  trucks/day 

Preliminary  surveys  and  calculations  show  that  the  PPT  may  range  from 
percentages  of  0.0005  to  0.005. 

The  total  of  the  proportion  of  encroached  as  well  as  parked  truck 
traffic  is  used  as  an  input  for  encroached  traffic  percentage  due  to  the 
fact  that  any  truck  has  to  encroach  in  order  to  park  on  the  shoulder. 

c.   Regular  Traffic:  If  it  is  anticipated  that  the  PCC  shoulder  would 
be  used  by  regular  traffic  at  any  stage  of  its  design  life,  then  this  extra 
amount  of  traffic  should  be  counted  for  as  a  part  of  the  shoulder  design 
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traffic.  The  amount  of  traffic  at  both  edges  of  the  PCC  shoulder  should 
be  increased  accordingly.  The  ultimate  case  is  to  design  the  shoulder  as 
an  extra  lane  by  considering  its  traffic  to  be  similar  to  the  mainline 
outer  lane  truck  traffic.  The  outer  and  the  inner  edges  of  the  PCC  shoulder 
would  carry  such  traffic  and,  therefore,  the  percent  of  encroached  and 
parked  truck  traffic  in  the  computer  program  should  be  adjusted  accordingly. 

Axle  Load  Distribution:  The  average  percent  of  total  load  applica- 
tions occurring  within  specified  load  groups  (usually  2000  pounds  (8.9  kN) 
range)  must  be  estimated  for  the  entire  design  analysis  period.   If  a  legal 
load  limit  change  is  expected,  it  should  be  included  in  the  analysis.  Most 
important  by  far  is  the  distribution  of  loads  in  the  heavy  axle  loads 
groups  (i.e.,  above  18,000  pound  (80  kN)  single  and  32,000  pound  (142  kN) 
tandem).  Results  from  field  surveys  and  interviews  (35)  indicate  that 
for  nearly  all  major  highways,  a  significant  percentage  of  axles  are  above 
the  legal  limits.  Estimates  indicate  that  the  total  percentage  of  axles 
above  these  values  is  3  to  20  percent.  The  results  also  indicate  that  the 
data  from  loadometer  stations  do  not  usually  give  accurate  estimates  of 
the  overload  distribution  due  to  enforcement,  and  an  accurate  estimation 
of  the  upper  load  distribution  can  only  be  obtained  from  spot  weight 
studies  or  from  police  enforcement  tickets. 

It  is,  therefore,  recommended  that  spot  weight  studies  be  conducted 
on  the  existing  or  similar  highways  to  establish  the  existing  distribution, 
and  then  that  this  distribution  be  modified  to  account  for  any  anticipated 
legal  load  increases  or  other  load  changes  over  the  design  period. 
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4.4.4  Foundation  Support 

Modulus  of  Foundation  Support:  The  finite  element  model  used  in 
this  research  uses  the  assumption  that  the  subgrade  acts  as  a  dense 
liquid  which  is  the  same  assumption  made  by  Westergaard.  The  k-value, 
representing  the  modulus  of  subgrade  reaction,  can  be  determined  by  run- 
ning a  plate  bearing  test  using  a  30  in.  (76  cm)  plate.  Details  of  this 
test  are  given  in  ASTM  designations  D1195  and  D1196  or  AASHO  Designation 
T-221.  The  k-value  of  the  subgrade  can  also  be  estimated  from  soil  classi- 
fications (57).  A  set  of  curves  were  developed  at  the  University  of 
Illinois  (35)  based  on  the  AASHO  classification  system. 

If  a  subbase  is  used  in  the  design,  the  k-value  on  top  of  the  subbase 
must  be  determined.  Using  a  subbase  stiffens  the  foundation.  Curves  have 
been  developed  using  the  elastic  layer  theory  relating  the  k-value  of  the 
subgrade  to  the  k-value  on  top  of  the  subbase  for  various  materials  and 
thicknesses  in  Reference  32  for  unstabilized  granular,  asphalt  stabilized, 
and  cement  stabilized  materials. 

Erodability  of  Foundation:  The  amount  of  erosion  of  the  subbase 
at  any  time  is  expressed  as  the  width  in  inches  of  a  rectangular  strip 
parallel  to  the  PCC  shoulder  inner  edge  (longitudinal  joint)  that  has 
no  contact  with  the  pavement  slab.  The  erodability  in  inches  at  the  end 
of  the  design  period  is  input  into  the  computer  program.  The  erodability 
at  the  beginning  of  the  design  period  is  assumed  to  be  zero  in  the  program. 
The  amount  of  erodability  at  any  time  after  the  pavement  is  opened  to 
traffic  is  linearly  interpolated  between  the  initial  and  final  erodability 
factors. 
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The  erodabil ity  of  the  subbase  will  depend  on  many  factors,  including 
subbase  type,  available  moisture,  settlement  of  subsurface  drainage,  etc. 
Subbases  that  are  densely  graded  and  contain  considerable  amount  of  fines 
may  pump  significantly  in  a  wet  region.  An  erodability  of  up  to  12  in. 
(30.5  cm)  under  the  inner  edge  of  the  shoulder  is  considered  to  be  a 
reasonable  amount  which  is  equivalent  to  a  settlement  of  a  subsurface 
drain,  for  example. 

4.4.5  Traffic  Lane/Shoulder  Tie  (Joint  Efficiency) 

Properly-tied  PCC  shoulders  to  either  new  or  existing  concrete  pave- 
ment serve  to  stiffen  the  traffic  lane  and  thereby  decrease  the  deflection 
and  consequent  pumping  near  the  longitudinal  joint.  The  method  of  tieing 
the  PCC  shoulder  to  the  mainline  concrete  pavement  is  a  primary  factor 
in  determining  the  magnitude  and  the  extent  of  the  load  transfer  effi- 
ciency across  the  longitudinal  joint  throughout  the  design  life.  Therefore, 
some  recommended  methods  for  constructing  tied  concrete  shoulders  to  both 
new  and  existing  traffic  lanes  are  discussed. 

Provision  of  adequate  load  transfer  when  providing  a  PCC  shoulder  for 
an  existing  slab  can  be  accomplished  through  closely  spaced  tiebars. 
Holes  are  drilled  in  the  edge  of  the  existing  slab.  This  could  be  done 
with  a  tractor  mounted  drill  that  can  drill  several  holes  in  the  side  of 
a  mainline  slab  at  one  time.  Tiebars  are  installed  in  the  holes  with  epoxy 
or  a  non-shrinkage  cement  grout.  The  length  of  placing  the  bars  into  the 
slab  should  be  adequate  to  develop  full  bond  strength,  but  not  less  than 
9  in.  (23  cm)  to  avoid  spalling  over  the  base. 

Malleable  tiebars  of  small  diameter  (#4  or  #5)  and  spacing  (12-24  in. 
(0.3-0.6  m))  midway  across  the  slab  depth  are  preferable  to  stiffer  short 
bars  with  large  spacing  intervals.  This  will  substantially  reduce  the 
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possibility  of  stress  concentrations  above  the  tiebar  which  will  cause 
the  joint  to  spall  in  the  vicinity  of  the  bar  and  the  eventual  breakage 
of  the  slab  and  the  loss  of  the  load  transfer.  The  possibility  of  upward 
heave  or  drop-off  of  the  shoulder  in  the  area  between  the  bars  will  also 
be  substantially  reduced  when  a  short  tiebar  spacing  is  used  ( <  24  in.  (60  cm) 
is  recommended)  since  there  will  be  more  steel  to  hold  the  lane/shoulder 
together.  A  shoulder  upward  heave  and  spalling  of  the  lane  concrete 
problems  were  experienced  in  Pennsylvania  and  New  York  where  two-piece 
tie  bolts  60  in.  (152  cm)  center  to  center,  were  used  to  tie  a  6  in.  (15 
cm)  concrete  shoulder  with  the  existing  mainline  pavement. 

On  1-80  in  Illinois  the  shoulders  were  tied  to  the  mainline  slab 
(smoother  edge)  with  No.  4  hooked  bolts  of  15  in.  (37.5  cm)  in  length 
(embedded  in  the  shoulder),  turned  into  a  2  in.  (5  cm)  snapoff  expanding 
end  anchors  set  into  the  edge  of  the  mainline  slab  at  30  in.  (75  cm) 
intervals  with  a  pneumatic  hammer.  Recent  measurements  of  this  project 
showed  that  the  traffic  lane/shoulder  joint  deflection  efficiency  was 
poor  and  ranged  from  31-47  percent.  The  joint  had  opened  an  average 
of  about  3/8  in.  (10  mm)  and  many  of  the  bars  had  spalled  the  concrete 
directly  over  the  bar  in  the  traffic  lane  (where  the  2  in.  (5  cm)  snap- 
off  expanding  and  anchors  were  set).  Some  of  the  bars  were  set  within 
2  in.  (5  cm)  of  the  surface  which  also  contributed  to  the  spalling  and 
loss  of  load  distribution  transfer.   It  is  believed  that  placement  of 
bars  at  slab  mid-depth  would  minimize  any  potential  spalling. 

The  practice  of  not  placing  tiebars  within  30  in.  (75  cm)  of  the 
transverse  shoulder  joint  results  in  loss  of  load  transfer  along  60  in. 
(150  cm)  of  traffic  lane.  On  one  CRCP  project  in  Indiana  (1-65),  several 
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edge  punchouts  have  occurred  within  this  area  because  of  no  load  transfer. 
Based  upon  results  from  the  1-74  and  1-80  projects  in  Illinois,  tiebars 
may  be  placed  much  closer  to  the  transverse  shoulder  joint,  such  as  one- 
half  the  normal  tiebar  spacing  without  any  problems. 

In  the  case  of  new  construction,  tiebars  can  be  inserted  into  the 
plastic  concrete  near  the  rear  of  the  slip  form  paver.  Bent  bars  can 
be  installed  by  mechanical  or  manual  means.  The  bent  portion  can  be 
straightened  later  to  tie  the  shoulder  to  the  mainline.  A  3  piece  tie 
bolt  can  be  used  in  which  the  one  half  and  the  coupler  are  inserted 
in  the  traffic  lane  by  machine,  and  then  the  other  half  is  screwed  into 
the  coupler  before  the  shoulder  is  added  (6,  8,  58).  A  keyway  can  also 
be  formed  in  addition  to  the  tiebars  to  provide  for  additional  load 
transfer  capability. 

A  keyed  joint  with  tiebars  was  used  in  the  construction  of  the 
experimental  shoulder  sections  built  on  1-74  in  Illinois.  The  extent 
of  load  deflection  transfer  efficiency  on  1-74  is  still  quite  high  (70- 
100  percent)  after  10'years  in  service.  This  shows  that  with  proper 
joint  design  and  construction  a  high  efficiency  can  be  attained  over 
a  long  period  of  time  (i.e.,  more  than  70%). 

It  was  also  found  in  the  field  survey  conducted  as  a  part  of  this 
research  on  1-74  (see  Section  3.3.1)  that  a  joint  opening  of  up  to  1  in. 
(25  mm)  is  experienced  on  keyed  joints  where  no  tiebars  are  used.  This 
opening  results  in  complete  loss  of  joint  efficiency  along  with  an  upward 
heave  or  a  drop-off  in  the  PCC  shoulder. 

The  following  tentative  recommendations  are  provided  for  longitudinal 
design  efficiencies  for  various  types  of  joints.  These  values  represent 
approximate  efficiencies  after  10-15  years  of  heavy  traffic  loadings.  The 
estimates  of  deflection  joint  efficiencies  are  based  on  the  data  from  inservice 
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measurements  and  engineering.  The  joint  stress  efficiencies  are  determined 
from  Figure  3.2  (this  is  the  value  used  in  the  design  computer  program). 


Joint  Type 

Deflection 
Efficiency  -  % 

Eff 

Stress 
iciency  -  % 

Tied  and  Keyed 
Tied  Butt 

30  in  bar  spac- 

70-100 
60-80 

30-100 
25-42 

ing 

12-24  in  bar 

70-95 

30-75 

spacing 
Non-Tied 

0-20 

0-5 

These  values  are  tentative  only  and  need  further  verification. 

The  longitudinal  joint  between  traffic  lane  and  shoulder  should  be 
provided  with  a  sealant  reservoir  and  sealed  with  an  effective  sealant.  This 
will  reduce  the  possibility  of  foreign  materials  to  collect  inside  the  joint 
and  consequently  reduce  the  potential  of  the  joint  to  spall,  and  also  minimize 
the  amount  of  deicing  salt  to  penetrate  to  the  tiebars.  There  was  significant 
corrosion  of  tiebars  on  1-80  after  11  years  which  shows  the  necessity  of  either 
a  good  seal  or  provision  of  corrosion-resistant  tiebars  to  insure  a  long-term 
structural  adequacy  of  the  bar  in  transferring  the  load  across  the  joint  (if 
pavement  is  subjected  to  deicing  salts). 

Cross-slope  of  the  bottom  surface  of  the  concrete  shoulder  should  be  great 
enough  to  permit  drainage  away  from  the  longitudinal  shoulder/pavement  joint 
and  avoid  pocketing  water  at  this  critical  location.  This  will  directly  contri- 
bute to  a  more  effective  and  lasting  load  transfer  system  across  the  joint. 

Finally,  for  plain  jointed  concrete  pavements,  the  shoulder  joint  pattern 
should  match  the  traffic  lane,  although  intermidiate  joints  may  be  placed  if 
the  traffic  lane  joint  spacing  is  greater  than  20  ft  (6.1  m).  Intermediate 
contraction  joints  must  be  placed  where  the  traffic  lane  is  jointed  reinforced 
concrete  with  long  joint  spacing.  None  of  the  transverse  shoulder  joints  require 
dowels,  unless  the  shoulder  is  to  be  used  as  a  regular  traffic  lane. 
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4.5  Selection  of  Alternative  Trial  Designs 

The  designer  must  specify  trial  structural  designs,  determine  the 
required  inputs,  run  the  JCS-1  computer  program,  and  analyze  the  output 
fatigue  data  at  the  two  PCC  shoulder  critical  locations.  The  program 
is  written  to  analyze  any  one  or  a  combination  of  shoulder  thickness, 
mainline  slab  thickness,  shoulder  width,  and  load  transfer  efficiency 
across  the  longitudinal  joint  and  to  provide  outputs  for  each  combina- 
tion, while  holding  all  other  inputs  constant.  The  designer  can  there- 
fore examine  a  range  of  combinations  of  the  above  four  factors  for  a 
given  traffic  and  foundation  support  with  only  one  run  of  the  program. 

An  example  of  fatigue  results  has  been  plotted  in  Figure  4.5  for 
design  of  PCC  shoulder  of  a  major  highway  as  will  be  described  in  Chapter 
5.  Trial  slab  thicknesses  of  5,  6,  7,  8  and  9  in.  (12.5,  15,  17.5,  20, 
and  22.5  cm)  were  analyzed,  and  the  data  as  obtained  from  the  JCS-1 
program  is  plotted  as  shown,  to  select  minimum  slab  thickness  bas- 
ed on  limiting  fatigue  damage  criteria.  The  minimum  slab  thickness 

+3 
allowed  for  a  limiting  fatigue  damage  of  10   is  7.3  in.  (18.5  cm).  Slab 

of  any  less  thickness  would  exceed  this  limit.  For  example,  if  a  6.5  in. 
(16.5  cm)  slab  were  constructed,  a  fatigue  damage  of  over  10  would  occur 
at  20  years  design  period  and  hence  would  not  be  acceptable  for  struc- 
tural design. 

The  program  requires  the  input  of  a  specific  structural  section  as 
well  as  shoulder  width,  material  properties,  foundation,  and  traffic 
inputs.  Parameters  which  are  fixed  for  a  given  design  situation  include: 
mainline  slab  thickness  (in  case  of  rehabilitation),  traffic,  and  founda- 
tion support  factors.  Parameters  which  can  be  controlled  by  the  designer 
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and  their  typical  ranges  include: 

a.  PCC  slab  -  shoulder  slab  thickness  (6  to  12  inches  (15  to  30  cm)) 

mainline  slab  thickness  (in  case  of  new  construction 

8  to  14  inches  (20  to  36  cm) 
shoulder  width  (3  to  10  feet  (0.9  to  3  m)) 
modulus  of  rupture  (600-900  psi  (4140-6200  kPa)) 

b.  Load  transfer  across  the  mainline/shoulder  joint 

c.  Subbase  -  type  (granular  or  stabilized) 

-  thickness  (4  to  24  inches  (10  to  61  cm)) 
There  are  many  possible  alternatives  that  can  be  developed  that  meet 
the  PCC  shoulder  limiting  design  criteria  and  several  should  be  examined 
so  that  the  least  cost  design  that  is  also  compatible  with  mainline  pave- 
ment and  subsurface  drainage  requirements  can  be  selected. 

4.6  Structural  Design  Verification 

Complete  verification  of  the  design  procedure  requires  construction 
of  the  recommended  designs  in  various  climatic  regions  and  observation 
of  their  performance  over  the  structural  design  life.  In  lieu  of  this 
costly  and  time  consuming  procedure,  a  reasonable  verification  can  be 
obtained  by  comparing  the  design  of  the  two  experimental  plain  jointed 
concrete  shoulder  projects  built  in  Illinois  (1-74  and  1-80)  with  the 
new  design,  using  JCS-1  computer  program,  of  the  same  projects.  The 
new  design  period  would  be  set  equal  to  the  existing  life  of  the  projects 
under  consideration,  the  design  inputs  would  be  the  as-built  construction 
data  and  the  traffic  applied  to  the  project  since  its  construction.  Thus, 
the  two  projects  are  used  to  provide  a  partial  verification  of  the  procedure, 
The  following  steps  were  followed  for  each  project: 
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1.  As-built  construction  data  for  both  the  mainline  pavement  and 
the  shoulder  (material  strength,  geometry,  mainline/shoulder  tie,  thick- 
nesses, etc.)  were  obtained  from  IDOT.  Traffic  data  over  the  life  of 
the  project  were  also  obtained. 

2.  The  foundation  including  subbase  and  subgrade  and  the  mainline/ 
shoulder  tie  and  the  shoulder  width  were  kept  the  same  as  the  existing 
projects,  and  all  other  necessary  inputs  to  the  structural  design  proce- 
dure were  determined. 

3.  The  new  design  slab  thickness  was  compared  with  the  actual 
slab  thickness  of  the  shoulder.  Conclusions  were  made  upon  this  compar- 
ison. 

The  results  from  each  of  the  projects  is  discussed  in  the  following: 
1.   1-74  (near  Peoria,  Illinois):  The  existing  shoulder  is  10 
years  old  with  PCC  shoulder  slab  thickness  of  6  inches  (15  cm),  mainline 
CRCP  slab  thickness  of  7  inches  (18  cm),  shoulder  width  of  10  ft  (3.05  m). 
The  load  transfer  system  used  across  the  traffic  lane/shoulder  joint 
consists  of  #4  tiebars  30  in.  (76  cm)  long  with  30  in.  (76  cm)  bar  spacing. 
The  foundation  that  supports  the  shoulder  is  5  in.  (12.5  cm)  of  granular 
subbase  on  top  of  a  fine-textured  subgrade. 

The  10  and  25  ft  (3  and  7.6  m)  long  shoulder  slabs  did  not  require 
maintenance  so  far  and  are  performing  quite  satisfactorily.  The  thick- 
ness of  shoulder  slab  provided  by  the  structural  design  procedure  developed 
in  this  research  was  6.0  in.  (15.0  cm)  with  fatigue  controlling  the  thick- 
ness as  shown  in  Figure  4.6.  As  could  be  seen,  the  existing  shoulder 
slab  thickness  is  compatible  with  the  one  provided  by  the  new  design 
procedure.  Thus,  the  new  design  procedure  would  be  expected  to  provide 
a  PCC  shoulder  that  will  last  for  at  least  10  years  with  a  minimum  mainte- 
nance required. 
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2.   1-80  (near  Joliet,  Illinois):  This  pavement  is  9  years  old, 
it  has  an  8  in.  (20  cm)  CRC  mainline  pavement  tied  to  a  PCC  shoulder 
with  slab  thickness  of  8  in.  (20  cm)  at  the  inner  edge  that  tapers  to 
6  in.  (15  cm)  at  the  outside  edge  of  the  shoulder.  The  shoulder  width 
is  10  ft  (3.05  m)  and  the  joint  spacing  is  20  ft  (6.1  m). 

Similar  to  those  on  1-74,  the  shoulder  slabs  did  not  require  any 
maintenance  and  are  in  a  very   acceptable  condition.  The  existing  struc- 
ture of  this  PCC  shoulder  was  redesigned  (Figure  4.7)  using  the  new 
design  procedure  and  found  to  be  compatible  with  the  existing  structure. 
Thus,  here  also  the  new  design  procedure  is  expected  to  provide  a  PCC 
shoulder  that  will  last  at  least  9  years  with  a  minimum  maintenance 
required  under  the  same  traffic  and  otherwise  conditions  that  exist  on 
1-80. 

Overall,  while  it  is  desirable  to  obtain  additional  data  for  further 
verification,  the  available  results  show  that  the  new  design  procedure 
gives  design  that  is  compatible  with  the  existing  design  practices  that 
have  provided  long-term  no-maintenance  performance. 

The  design  inputs  and  the  assumptions  that  were  used  in  re-designing 
the  above  two  projects  will  be  discussed  in  detail  in  Chapter  5  when  a 
PCC  shoulder  is  designed,  using  the  new  design  procedure,  under  typical 
conditions  (such  as  those  on  1-74  and  1-80),  as  a  PCC  shoulder  design 
example. 


117 


CU 

ro 

uo 

O 

fO 

CO 

-O 

JO 

oo 

c 

'•~ 

o 

r— 

<D 

CO 

=3 

CD 

fO  '     ' 

U_ 

c: 

£    ^ 

fO 

^rj    CO 

CO 

c 

, . 

v_ 

•1 — 

E  +-> 

u 

E    oo 

rj 

en 

O) 

rx 

EZ 

«X>   1— 

CO 

-M 

— -  "O 

If) 

O 

A3 

fO 

•    o 

o 



i- 

c  q: 

O 

c_> 

o 

O 

>< 

l+- 

o  m 

CO 

o 

•    OO 

T3 

ro  <c 

cr 

sz 

c£ 

i_ 

o 

c 

cu 

"r— 

O       " 

0, 

to 

-o 

>«, 

l/l 

£=     HD 

O     O 

■i-   1 

■  i 

Cn+-> 

f\l 

_Q 

o 

u   cu 

CU  i — 

CD 

O 
CO 

D_ 

OO     X 

o 

"O 

-o 

X 

CO 

c 

<D     CU 

> 

nD 

u  ■ — 
s-    en 

D 

<o 

c: 

o   c 

c 

o 

«+-    -r- 

CO 

•r- 

c  oo 

-l~> 

■I— 

ro 

CU     CL 

en 

•i— 

S-    -r- 

r. 

+-> 

1    JX. 

•i — 

sr     i 

jx: 

C 

o  o 

o 

i — i 

2T.  CO. 

o 

o 


CO 

ro 


CU 

S- 

en 


118 


CO 
CO 
CD 


i/> 


1/1 

>1 

rc 

C 

< 

<D 

13 

cr> 

■r— 

+-> 

fO 

u_ 

c 

•,— 

•o 

CJ 

i~- 

CD 

-o 

•  i — 

</) 

c 

o 

O 

l/> 

at 

i/i 

to 

cu 

S- 

■♦-> 

1/1 

-a 

c 

<T3 

. 

*■ — *. 

I/) 

CM 

C 

CO 

o 

» 

•  I — 

+-> 

-O 

•  1— 

rt3 

1/1 

i — 

o 

oo 

a. 

c 

-o 

•  1— 

ro 

o 

in 

_j 

4-> 

c: 

4- 

•r— 

O 

o 

a_ 

C 

o 

i — 

•r— 

03 

+-> 

U 

ro 

•r— 

s~ 

+-> 

4-> 

■1— 

UO 

i_ 

3 

O 

r- — 

l 

<+- 

*— i 

o 

CM 


a; 
cn 


119 


<D 

-« 

CD 

v_ 

o 

d 

o 

O 

0) 

c 

_J 

CD 

Cn 

F 

'.*— 

CD 

O 

o 

Li_ 

X) 

n 

t_ 

i-_ 

o 

3 

-4 — 

X" 

o 

CD 

Q-Ll 

o 

O 

o 

O 

o 

0D 

r- 

CD 

m 

^r 

o 


o 


o 


o 


o 


o 


CD 

k_ 

Z3 

*6 

L_ 

,-1 

CM 

cn 

* — ■ 

o 

l/> 

H 

> 

J- 

co 

o 

cz 

3 

o 

O 

"_J 

S- 

o 

o 

-C 



•fj 

CL 

5 

CL 

< 

*-> 

o 

"O 

CO 

o 

CJ1 

o 

+j 

1 

ra 

. 1 

u_ 

, — 

CO 

s- 

3 

■x. 

Cl» 

r — 

u_ 

LJ 

<_> 

CI. 

(y)  q|6uajjs/ss9Jis 


M 


CJ 


120 


ro 


o 


C\J 

00 

-t-> 

o 

QJ 

> 

. 

QJ 

o 

U 

> 
QJ 

rz 

~~~ 

c|2 

o 

W 

■o 

^~* 

QJ 

■o 

o. 

L±J 

o 

O 

CD 
> 

< 

o 

f — ^ 

•o 

< 

0J 

en 

Q 

E 

O 

ro 

LU 

QJ 

1 Q 

Z) 

Z3 

CD 

A-> 

-    - 

ro 

H 

Ul. 

*? 

< 

■o 

'Q 

U_ 

QJ 

ID 

Z3 

E 
o 

•o 

oo 

UD 

> 

X 

OJ 

.a 

'Q 

*—* 

■o 

CD 

u 

U000I/U    'X3QNI    ONIMOVdO 


QJ 


cn 


121 


PCC    Shoulder   Thickness  ,  in. 
6  7  8 


18 


10 


16 


10 


12    10 
o 

>- 


14 


o 
<\J 


10' 


12 


°  iold 

ft) 

a> 
o 

E 
a 


ioc 


a  io6 


> 
•i — 
+J 

E 

13 
(J 
O 

< 


10 


10 


10" 


-2 

10 


10 


c6 


Design  Limit 


I8.5cm(7.3in) 


12 


14  16  18  20  22 

PCC    Shoulder   Thickness,  cm 


24 


Figure  4.5.       Fatigue  Damage  Plot  Used  to  Determine  PCC  Shoulder 
Design  Thickness. 
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Figure  4.6.       Structural   Re-design  of  PCC  Shoulder  on   1-74,   Near 
Peoria,   Illinois. 
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PCC    Shoulder    Thickness  ,    in. 
6  7  8 


PCC     Shoulder    Thickness,    cm 
*For  details  see  Section  5.1.3. 

Figure  4.7.       Structural    Re-design  of  PCC  Shoulder  on  1-80,   Near 
Joliet,    Illinois. 
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CHAPTER  5 
SHOULDER  DESIGN  EXAMPLE 

This  design  example  is  for  a  PCC  shoulder  located  on  a  stretch 
of  1-80  near  Joliet,  Illinois.  The  existing  paved  shoulder  has 
reached  a  point  of  severe  deterioration  requiring  complete  reconstruc- 
tion. Moreover,  the  mainline  is  an  8  in.  (20  cm)  CRC  pavement  that 
is  experiencing  excessive  edge  deflections  due  to  the  combined  effect 
of  heavy  truck  traffic  and  the  loss  of  support  at  the  vicinity  of  the 
outer  edge  of  the  pavement  due  to  the  excessive  pumping  of  fine 
materials  from  under  the  CRC  slab.  Edge  punchouts  have  occurred  to 
the  extent  that  major  rehabilitation  of  the  pavement  is  needed 
before  deterioration  becomes  excessive.  Construction  of  a  PCC  shoulder 
was  selected  as  a  method  of  rehabilitation  to  replace  the  existing 
deteriorated  shoulder  and  to  improve  the  performance  of  the  adjacent 
traffic  lane  through  edge  support.  The  desired  shoulder  design  period 
is  20  years.  Details  on  selection  of  structural  design  inputs,  inter- 
pretation of  the  computer  program  output,  and  selection  of  structural 
design  are  described.  A  sensitivity  analysis  of  some  of  the  design 
parameters  is  given  in  Section  5.5,  to  illustrate  their  relative 
effects  on  the  design. 

The  design  life,  shoulder  slab  properties,  traffic,  foundation 
support,  and  traffic  lane/shoulder  tie  are  determined  as  recommended 
in  Chapter  4. 

5.1  Structural  Design  Inputs 
5.1.-1  Design  Life 

The  desired  period  of  the  PCC  shoulder  life  is  20  years.  However, 
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the  pavement  should  perform  for  several  additional  years  beyond  20 
with  routine  maintenance  before  major  rehabilitation  is  needed. 

5.1 .2  Slab  Properties 

1.  Slab  Thickness:  Trial  thicknesses  of  5,  6,  7,  8,  and  9  in. 
(12.5,  15,  17.5,  20,  and  22.5  cm)  are  chosen  for  the  shoulder  slabs 
to  provide  a  range  of  results  which  should  encompass  the  appropriate 
slab  thickness.  The  adjacent  CRCP  traffic  lane  is  8  in.  (20  cm)  thick. 

2.  Slab  Width:  A  shoulder  slab  width  of  10  feet  (3  m)  is 
standard  practice  for  use  on  Interstate  highways  to  accomodate  emergency 
stops  and  other  uses  by  the  traveling  vehicles. 

3.  The  PCC  shoulder  slab  length  is  not  an  input  variable  for 
the  design  procedure.  Recommended  length  is  15  ft  (4.6  m)  as  was 
previously  discussed  (Section  3.3). 

4.  Mean  PCC  Modulus  of  Rupture:  The  mean  modulus  of  rupture, 
third  point  loading,  at  28  days  curing  that  will  be  used  in  this 
design  example  is  750  psi  (5171  kPa). 

5.  Coefficient  of  Variation  of  PCC  Modulus  of  Rupture:  An 
average  coefficient  of  variation  of  10  percent  for  the  PCC  used  in 
the  shoulder  construction  will  be  used  in  this  design. 

5.1.3  Traffic 

1.  Average  Daily  Traffic  at  Beginning  of  Design  Period:     The 
initial   ADT  in  both  directions,  as  was  obtained  from  the  traffic  data 
of  the  highway,   is  estimated  to  be  17,100     vehicles. 

2.  Average  Daily  Traffic  at  End  of  Design  Period:     The  final   ADT 
after  20  years  is  estimated  from  the  transportation  planning  studies 
to  be  39,100  vehicles.     The  increase  over  the  20  year  period  is 
expected  to  be  reasonably  linear. 
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3.  Percent  Trucks  of  ADT:  The  average  percent  of  trucks  including 
panels  and  pickups,  is  obtained  to  be  21  percent  for  the  highway.  This 
percentage  will  be  used  over  the  entire  20  years  period. 

4.  Percent  Trucks  in  Most  Heavily  Traveled  Lane:  The  percentage 
of  trucks  in  the  most  heavily  traveled  lane  (outer  lane)  is  calculated 
using  the  4-lane  rural  equation,  as  recommended  in  Section  4.4.2,  as 
follows: 

LD  =  96.39  -  0.0004V 

=  96.39-  0.0004  (17'C00  \   39'1QQ) 

=  96.39  -  0.0004  (28,100) 
=  85.15% 

5.  Percent  Directional  Distribution:  Travel  is  approximately  equal 
in  each  direction,  and  therefore,  a  value  of  50  percent  traffic  in  the 
design  direction  is  selected. 

6.  Mean  Axles  Per  Truck:  Traffic  data  of  the  highway  show  an 
average  of  2.6  axles  per  truck  (including  pickups  and  panels). 

7.  Percent  Trucks  That  Use  the  Shoulder: 

a.   Encroached  traffic:  For  this  design  example,  a  10  mile 
(16.1  km)  shoulder  stretch  was  surveyed  and  an  average  length  of  total 
encroachments  per  truck  over  the  length  of  the  surveyed  stretch  was  0.24 
miles  (0.39  km)  (obtained  by  multiplying  the  NE  =  4.8  by  the  ED  =  0.5  mi. 
as  described  in  Section  4.4.3).  This  provides  2.4  percent  trucks  encroach- 
ing on  the  shoulder  (0.24/10  x  100).  This  estimate  was  obtained  by  follow- 
ing behind  randomly  selected  trucks  and  recording  the  length  of  their 
encroachment  over  the  10  mile  (16.1  km)  section. 
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b.   Parked  traffic:  The  percent  trucks  parked  on  a  specific 
slab  of  the  shoulder  is  estimated  as  follows:  The  surveyed  shoulder 
stretch  is  2  miles  (3.2  km).  Observations  indicate  that  a  truck  drives 
on  the  shoulder  an  average  distance  of  200  ft  (61  m)  during  a  typical 
stop.  Results  from  brief  surveys  of  the  project  area  show  that  the  number 
of  parked  trucks  could  range  from  1  to  25  with  a  mean  of  about  9  per  day. 
This  range  is  used  in  design  as  an  example.  Following  the  procedures 
in  Section  4.4.3,  the  percent  of  parked  trucks  of  total  truck  traffic 
in  one  direction  is  computed  as  follows: 

1  Parked  Truck/day 

ppt  =  N  x  p  x  100 
KKI   ADT  x  T  x  DD 

-  1X  10560/200  X  1Q0 
"  28100  x  .21  x  0.5 

=  0.00064  percent 

25  Parked  Trucks/day 

PPT  =  0.00064  x  25  =  0..016 

8.   Axle  Load  Distribution:  The  axle  load  distribution  was  esta- 
blished from  weighings  of  axle  loads  at  a  loadometer  station  near  the 
project.  This  distribution  is  shown  in  Table  5.1.  This  axle  load  dis- 
tribution should  be  modified  if  conditions  indicate  future  legal  load 
changes  during  the  20  year  period. 

5.1.4    Foundation  Support 

The  shoulder  will  be  placed  on  embankment  materials  mostly  fine- 
textured.  The  soil  is  an  AASH0  Classification  A-6  and  A-7-6  materials. 


128 


The  materials  are  principally  relatively  thin  glacial  drift  of  Wisconsian 
age  overlaying  dolomitic  limestone  bedrock  (6).  The  k-value  on  top  of 
the  subgrade  is  estimated  using  Reference  32.  An  8  in. (20  cm)  layer  of 
opengraded  granular  materials  was  evaluated  as  a  subbase  for  the  shoulder 
concrete  slab.  The  k-value  on  top  of  the  subbase  is  estimated  using 
Reference  32  to  be  about  200  pci  (54.2  MN/m3). 

The  initial  erodability  of  the  shoulder  foundation  is  zero  and 
the  final  erodability  is  estimated  to  be  8  in.  (20  cm)  for  the  granular 
subbase. 

5.1.5  Traffic  Lane/Shoulder  Tie 

As  was  discussed  in  Section  4.4.5,  tiebars  could  be  installed  in 
the  existing  mainline  pavement  and  the  new  PCC  shoulder  to  provide  some 
load  transfer  across  the  joint.  For  this  example,  a  load  transfer  system 
consists  of  tied-butt  joint  with  #4  tiebars,  30  in.  (76  cm)  long,  placed 
18  in.  (46  cm)  center  to  center  will  be  used  to  provide  the  load  transfer 
across  the  longitudinal  joint. 

An  average  value  of  80%  (based  on  deflection)  will  be  used  for  the 

load  transfer  efficiency  of  this  joint  to  account  for  the  effect  of 

millions  of  repeated  loads  applied  near  the  joint  (as  recommended  in  Section 
4.4.5).  The  degree  of  load  transfer  efficiency,  which  is  defined  as  the 

ratio  of  the  deflection  of  the  unloaded  slab  over  that  of  the  loaded  slab 

at  the  joint  is  not  necessarily  the  same  degree  of  the  efficiency  when  it  is 

defined  as  the  ratio  of  the  flexural  stress  experienced  by  both  slabs  at  the 

joints.  The  finite  element  model  used  in  the  analysis  does  not  take  this 

factor  into  consideration.  Thus,  an  adjustment  for  the  difference  between 

the  two  efficiencies  is  needed.  A  more  comprehensive  FE  model  (59)  which 
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accounts  for  the  difference  between  the  two  efficiencies  is  used  to 
establish  an  adjustment  curve  which  can  be  used  in  design.  Figure  3.2 
is  plotted  to  show  the  relationship  between  the  Load  Transfer  efficiency 
based  on  deflections  and  that  based  on  stresses  and  used  for  adjustment. 
Thus,  for  this  design  example,  with  80%  LT  efficiency  (based  on  deflection) 
and  using  Figure  3.2  for  adjustment,  42%  LT  efficiency  (based  on  stress) 
is  obtained  and  will  be  used  for  design. 

5.2  Interpretation  of  Program  Outputs 

The  program  outputs  a  complete  listing  of  inputs  and  results  for 
each  trial  design  configuration  (trial  slab  thickness  for  this  example). 
Trial  analysis  were  run  for  5,  6,  7,  8,  and  9  in.  (12.5,  15,  17.5,  20, 
and  22.5  cm)  PCC  shoulder  slabs  placed  on  the  granular  subbase.  A  listing 
of  program  inputs  for  the  9  in.  (22.5  cm)  PCC  slab  trial  is  shown  in 
Table  5.2.  The  inputs  should  be  carefully  checked  to  eliminate  any 
possible  errors. 

Results  of  the  fatigue  damage  accumulated  during  each  year  of  the 
shoulder  design  life,  as  printed  out  for  9  in.  (22.5  cm)  slab,  are  shown 
in  Table  5.3.  The  total  fatigue  damage  during  the  whole  design  period 
is  also  printed  in  the  same  table.  The  results  are  shown  for  two  differ- 
ent locations  of  the  shoulder  slab;  due  to  parked  traffice  (at  the  outer 
edge)  and  due  to  encroached  traffic  on  the  shoulder  (at  the  inner  edge). 
A  summary  of  the  results  for  5,  6,  7,  8,  and  9  in.  (12.5,  15,  17.5,  20, 
and  22.5  cm)  slabs  is  given  in  Table  5.4  which  will  be  used  to  select 
the  design  structure  in  Section  5.3. 
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5. 3  Selection  of  Structural  Design 

The  results  given  in  Table  5.5  are  plotted  as  shown  in  Figure  5.1. 
The  minimum  design  slab  thickness  at  the  inner  and  outer  edge  of  the 
shoulder  are  determined  as  indicated  (although  the  inner  edge  thickness 
is  shown  as  5.1  in.  (13.0  cm),  a  minimum  of  6  in.  (15  cm),  as  recommended 
in  Section  3.3  will  be  used): 

Outer  edge  minimum  thickness  =  7.3  in.  (18.5  cm)  due  to  parked 

traffic 

Inner  edge  minimum  thickness  =  6.0  in.  (15.0  cm)  due  to  encroached 

traffic  with  80%  LT  Eff.  across  the 
joint 

Therefore,  for  this  design  life,  slab  properties,  traffic,  founda- 
tion support,  and  traffic  lane/shoulder  joint  load  transfer  conditions, 
a  structural  design  thickness  would  be  7.3  in.  (18.5  cm)  minimum  of  PCC 
over  an  8  in.  (20  cm)  of  open-graded  granular  subbase. 

By  decreasing  the  volume  of  shoulder  parked  traffic  in  the  2-mile 
(3.2  km)  surveyed  stretch  from  25  trucks  per  day  to  only  one  truck  per 
day  as  discussed  earlier  in  Section  5.1.3,  the  structural  design  thick- 
ness of  the  PCC  shoulder  would  be  reduced  to  7.0  in.  (17.8  cm)  as  shown 
in  Figure  5.3. 

The  previous  structural  design  selections  (Figure  5.1)  were  obtained 
for  a  specific  subbase,  shoulder  width  and  concrete  strength.  There  are 
other  alternatives,  however,  which  could  be  analyzed  in  order 
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to  obtain  the  most  economical   structural   design.     A  summary  of  a  few 
alternatives  is  shown  in  Table  5.5.     The  other  design  inputs  were 
held  constant  for  each  of  these  alternatives  as  a  single  parameter 
was  varied  as  shown.     Required  thickness   varies   from  6.0  in.   to  7.4  in 
(15.0  to  18.8  cm)   depending  upon  the  values  of  the  design  parameters 
controlled  by  the  designer.     Each  alternative  should  be  further 
designed  and  economic  analysis  conducted  to  determine  the  most 
economical   alternative. 

5.4  Final   Design  Selection  Relative  to  Cost 

A  complete  cost  analysis  of  the  alternative  designs   that  meet  the 
limiting  criteria  must  be  conducted.     Since  low  shoulder  structural 
maintenance  is  expected  over  the  20-year  design  period,   the  cost 
analysis  can  be  based  upon  the  first  cost  of  the  pavement.     The 
design  alternative  providing  the  lowest  initial   construction  cost 
should  be  chosen  as   the  optimum  structural   design  alternative. 

5.5  Sensitivity  Analysis 

A  sensitivity  analysis  is  conducted  to  illustrate  the  effect  of 
changes   in  several   of  the  design  parameters  on  required  shoulder  slab 
thickness  and  to  show  the  reasonableness  of  the  design  procedure. 
The  average  conditions  are  set  as  described  in  the  design  of  the 
example  project,   and  then  one  parameter  at  a  time  is  varied  over  a 
range   that  might  exist  in  actual   situations.     Shoulder  width  is  the 
first  parameter  varied  form  1.5  to  10  ft.    (0.46  -  3.05  m)   as  shown 
in  Figure  5.3a.     The  shoulder  slab  thickness  required  decreases  from 
7.9  to  7.0  in.    (20-17.8  cm)   as  shoulder  width  increases  from  1.5  to 
10  ft  (0.46-3.05  m) .     A  change  in  the  28-day  modulus  of  rupture  from 
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650  to  900  psi  (4500  to  6200  kPa)  produces  a  change  of  about  1.4  in.  (3.6 
cm)  in  PCC  shoulder  slab  thickness  as  shown  in  Figure  5.3b.  A  change  in 
foundation  conditions  from  no  subbase  over  clay  subgrade  to  8  in.  (20 
cm)  granular  subbase  to  6  in.  (15  cm)  of  cement  stabilized  subbase  reduces 
the  required  shoulder  slab  thickness  by  about  0.2  in.  (0.50  cm),  and  1.1 
in.  (2.8  cm),  respectively,  as  shown  in  Figure  5.3c.  The  variation  of 
PCC  strength  shown  in  Figure  5.3d  is  indicated  by  the  coefficient  of 
variation  from  excellent  quality  control  (5  percent)  to  poor  (20  percent) 
causes  an  increase  in  required  PCC  shoulder  slab  thickness  of  approxi- 
mately 0. 7  in.  (1 .8  cm). 

The  effect  of  increasing  the  number  of  trucks  that  park  on  the 
shoulder  stretch  from  1  truck  to  25  trucks  per  day  as  shown  in  Figure 
5.3  produces  a  change  in  required  PCC  shoulder  slab  thickness  of  0.3 
in.  (0.8  cm). 
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Table  5.1.    Determination  of  Axle    Load  Distribution  for 
Use  in  Design  of  Project. 


Axle  Load  Group  Design  Axle  Load  Distribution 

(kips)  (percent) 


Single  Axles 

0-3  5.75 

3-7  10.33 

7-8  7.76 

8-12  20.54 

12-16  4.37 

16-18  1.77 

18-20  1.02 

20-22  0.54 

22-24  0.34 

24-26  0.14 

26-30  0.04 

30-32  0.01 

32-34  0.01 


Tandem  Axles 

0-6  0.27 

6-12  13.34 

■12-18  7.05 

18-24  5.51 

24-30  14.92 

30-32  3.61 

32-34  1.4 

34-36  0.5 

36-38  0.25 

38-40  0.16 

40-42  0.11 

42-44  0.08 

44-46  0.07 

46-50  0.07 

50-52  0.02 

52-54  0.01 

54-56  0.01 


(1    kip  =  4.444  kM) 


TOTAL  100.00 
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Table  5.2.  Listing  of  Computer  Program  Inputs  for  Example  Design  Problem 
for  9-in.  Shoulder  Slab. 


PORTLAND    CLIENT    CONCRETE    PLAIN'    JOINTED 
PAVtMENT    SHOULDERS     DESIGN     PSOGZ<A,1     (JCS-1) 

»****»**»**•**♦********«***•»»**»»****»****»*•»«*»»**»****  ♦'•♦******»**»***»****»**3**» 

PROBLEM  #  5 

PCC  SHOULDER  DZSIGN  ON  I-8Q  NEAR  JOLIET,  ILLINOIS 

INPUT  DATA 

********** 

DESIGN    CRITERIA 

**************** 

SHOULDER  DESIGN  LIFE  (YEARS)  20.00 

SLAB  PROPERTIES 

****************- 

SHOULDER    THICKNESS    -    INS.  9.0} 

TRArFIC    LANL    THICKNESS    -    INS.  0.00 

SHOULDER    WIDTH    -    FT.  10.00 

MEAN    PCC    MODULUS    OF    RUPTURE     (28-DAYS)     -  PSI                                                                          750.00 

COEFFICIENT    Or     VARIATION    OF    PCC    MODULUS  OF    RUPTURE    -     X                                                 10.00 

LOAD    TRANSFER    EFF.     DET'u'EEN    SHOULDER    AND  TRAFFIC    LANE  -    *                                        42-00 

TRAFFIC 

»  +* **  $ «o 

AVERAGE    DAILY    TRAPFIC    AT    DECINNIHG    OF    DESIGN    PERIOD  17101. 

AVERAGE    DAILY    TRAFFIC    AT    END    OF    DESIGN     PERIOD  39  100. 

PERCENT    TRUCKS    OF    ADT  21.00 

PERCENT    TRUCKS    IN    HEAVIEST    TRAVELED    OR    DESIGN    LANE  U5.15 

PEtfCJNT    DIRECTIONAL     D1STR13U1 10  A  50.00 

MEAN    AXLES    PER    TRUCK  2.60 

LENGTH    OF    SURVEYED     SiiOULDE.T    STHZTCH    -    MI.  10.00 
AV.     LENGTH    OF    TOTAL    ENCROACHMENTS     PES    TRUCK    IN    THE    Sli  .    STRETCH    -    MI.        D.2U0 

PERCENT    OF    TRUCKS    THAT    PAEK    ON    THE    SHOULDER  0.01600 

NU.nDER    OF    SINGLE    AXLE    LCAD    INTERVALS  13 

NUK3Z:t    OF    TANDE.1    AXLE    LCAD    INTERVALS  17 


(1   in.  =  2.54  cm) 
(1   psi  =  6.894  kPa) 
(1   ft  =   .3048  in.) 
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Table  5.2.  Continued. 


WEIG 

iT 

RANGE 

PERCENT 

(POUNDS) 

0. 

- 

3  0)0. 

5.75 

3001. 

— 

7000. 

10.33 

7  001. 

— 

8000. 

7.76 

8  )01. 

— 

12)00. 

20.54 

12001. 

— 

16000. 

4.37 

16001. 

— 

18000. 

1.77 

18  )01. 

— 

20  00  0. 

1.  02 

20001. 

— 

22000.      • 

0.54 

22001. 

— 

24000. 

0.34 

24  0 )1. 

— 

26010. 

0.  14 

26001. 

— 

30000. 

0.04 

J0001. 

— 

32000. 

0.01 

320O1. 

— 

34000. 

0.  01 

T.A.L. 

DISTRIBUTION    TABLE 

WEIGHT 

RANGE 

PE2CENT 

(POUNDS) 

0. 

'_ 

6000. 

0.27 

6001. 

— 

1200). 

13.34 

12  0  01. 

- 

18000. 

7.05 

18001. 

— 

24000. 

5.51 

24  ))1. 

— 

30))). 

14.92 

J0001. 

- 

32000. 

3.61 

32001. 

— 

34000. 

1.40 

J4  )31. 

- 

360)). 

0.5) 

36001. 

— 

36000. 

0.2  5 

38  00  1. 

— 

40000. 

0.  16 

4  0  )  0  1  . 

— 

42))). 

0.  11 

U2001. 

- 

44000. 

0.08 

4  4  0  0  1.- 

— 

46000. 

0.07 

46)01. 

— 

50))). 

0.07 

50001. 

— 

52000. 

0.02 

52001. 

— 

54000. 

0.01 

54)01. 

- 

56  0  0  0. 

0.01 

FOUNDATION    SUPPORT 


DESIGN    flODULUS    OF    FOUNDATION    SUPPORT     (K)     -    PCI  200.00 

ERODABILITY    OF    FOUNDATION    AT    BEGINNING    OF    DESIGN    PERIOD     (INS.)  0.0 

ERODAiULITY    OF    FOUNDATION    AT    END    OF    DESIGN    PERIOD     (INS.)  8.00 


(1    bf  =  4.448  N) 

(1   pci  =  .271  MN/m3) 
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Table  5.3.     Results  From  JCS-1  Computer  Program  for  9- in.   Shoulder 

Slabs.  ,,-b 

PORTLAND    CEMENT    CONCRETE    PLAIN    JOINTED 

PAVt'M.vK  I    SiiOULD.iHS    DESIGN     PiiUuHA.1     (JCS-1) 

***»*****************•********»**•*«»***»*•«♦»»**»»«»»***«»»»»»»*»********»»*♦♦****»>* 

PROBLEM    #    5 

PCC    SUOULDEE    DESIGN    ON    1-80    NEAR    JOLIET, I LLI NOIS 

****************+**************************»**»*****»***»*****»*#****»******♦♦*******♦ 

RESULTS    -    ACCUMULATED    FATIGUE    DAMAGE    OF    P.C.C.     SHOULDER 
******** 

SUMMARY    FOR    DESIGN    PERIOD 

YEAR  PARKED    TRAFFIC  ENCROACHED    TRAFFIC 

1  0.332D-04  0.332D-07 

2  0.352D-0U  .  0.450D-07 

3  0.372D-0U  0.6J8D-J7 
«  0.392C-0U  0.820D-07 

5  0.U12D-04  0.111D-06 

6  0.432D-04  0.  149D-06 

7  0.452D-04  0.200D-06 

8  0.1472D-OU  0.269D-06 

9  0.492E-04  0.361D-06 

10  0.512D-0U  0.48UD-06 

11  3.532D-04  D.6J49D-06 

12  0.552D-0U  0.869D-06 

13  0.572D-04  0.116D-05 
1*» "  0.592D-04  0.-156D-05 

15  0.612E-0<4  0.208D-05 

16  0.632D-04  0.279D-05 

17  0.652r-0<4  0.372D-05 

18  0.672D-0U  0.U98D-05 

19  0.692  0-34  0.665D-05 

20  0.712E-04  0.808D-05 


TOTAL    FATIGUE    DAMAGE    FOB    DESIGN    PEKiOD    DUE    TO    PAHKED    TRAFFIC    IS  0.104D-02 

TOTAL    FATIGUE    DAMAGE    FOR    DESIGN    PELIOD    DUE    TO    ENCROACHED    TRAFFIC    IS  0.351D-04 


Table  5.4.  Summary  of  Fatigue  Data  for  Example 
Problem  Design. 


Fatigue  Damage 


Slab  Thickness 
in  inches 


Due  to  Due  to 

Parked  Traffic*       Encroached 


Traffic 


5  4.81  x  1024  3.53  x  103 

6  5.74  x  1011  6.95  x  10"1 

7  3.34  x  104  6.52  x  10~3 

8  1.06  x  10°  3.16  x  10"4 

9  1.04  x  10"3  3.51  x  10"5 


*  The  volume  of  parked  traffic  used  in  this  table  is  25  trucks/ 
day  in  the  2  mile  shoulder  stretch  surveyed. 
(3.2  km) 
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Table  55.     Summary  of  Structural  Alternate  Designs  for 
PCC  Shoulder  Example  Problem 


Desi 

gn 

Parameter 

Des 

ic 

Alternative 

Slab 

Width 

(ft) 

S 

ubbase 
Type 

PCC 

Strer 
(psi) 

gth 

jn  Thickness 
(ins.) 

1 

10 

8 

in. 

Granular 

750 

7.3 

2 

10 

6 

in. 

Stabilized 

750 

6.4 

3 

10 

8 

in. 

Granular 

900 

6.6 

4 

10 

6 

in. 

Stabilized 

900 

5. 

8 

(min.  6.0) 

5 

7 

8 

in. 

Granular 

750 

7.4 

6 

7 

6 

in. 

Stabilized 

750 

6.5 

7 

7 

8 

in. 

Granular 

900 

6.7 

8 

7 

6 

in. 

Stabilized 

900 

5. 

9 

(min.  6.0) 

(1    in.   =  2.54  cm) 
(1   psi  =  6.894  kPa) 
(1   ft  =   .3048  m) 
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PCC    Shoulder    Thickness  ,    in. 
6  7  8 


<1> 
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io6 

Qi 
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io4 

o 

u_ 

14  16  18  20  22 

PCC    Shoulder    Thickness ,  cm 

*The  parked  traffic  volume  used  in  this  figure  is  25  trucks/day  in 
the  2-mile  shoulder  stretch  surveyed. 


Figure  5.1.     The  Effect  of  PCC  Shoulder  Slab  Thickness  on  the  Accumulated 
Fatigue  Damage  at  Both  Shoulder  Edges. 
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PCC    Shoulder     Thickness  ,  in. 
6  7  8  9 


O 

E 
o 
O 


£ 


6  18  20  22 

PCC     Shoulder    Thickness,   cm 


Figure  5.  2.     The  Effect  of  Parked  Truck  Volume  on   the  Accumulated 
Fatigue  Damage  at  the  Shoulder  Outer  Edge. 
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CHAPTER  6 
CONCLUSIONS  AND  RECOMMENDATIONS 

6.1  Conclusions 

A  comprehensive  design  procedure  for  plain  jointed  concrete 
shoulders  has  been  developed.     This  report  describes   the  PCC  shoulder 
performance  and  current  design  practice,   field  and  analytical   studies 
upon  which  the  procedure  is  based,  and  provides  research  documentation. 
Based  upon  these  results  a  PCC  shoulder  design  example  was  prepared 
that  contains  all   necessary  procedures  needed  for  actual   design. 
A  computer  porgram  designated  JCS-1  was  developed  that  is  used  to 
obtain  fatigue  damage  data  for  use  in  structural   design.     The 
program  is  written  in   FORTRAN  and  is  easily  adaptable  to  most  computers 
The  design  procedure     developed  in  this  research  can  be  used  for  both 
new  construction  and  rehabilitation  purposes. 

1.     From  a  review  of  the  literature  about  PCC  shoulder  performance 
and  current  design  practice,  it  has  been  concluded  that  a)   highway 
shoulders  have  been  of  concern  to  highway  officials  from  the  \/ery 
beginning  of  highway  construction.     Their  importance  is  multifold 
as  they  are  used  to  provide  structural   support  for  encroaching  traffic 
loads  from  the  adjacent  traffic  lane,  emergency  parking,  and  regular 
traffic  if  the  shoulder  is  used  as  a  detour  around  a  closed  lane  or  as 
an  additional    lane  during  peak  traffic  hours;   b)   a  need  was  found  for 
construction  of  full -depth  monolithic  pavement  throughout  the  entire 
width  of  the  shoulder  area,  eliminating  the  "drop-off"  or  "raised 
shoulder"  with  maintaining  a  tight  joint  at  the  shoulder  inner  edge, 
construction  of  paved  shoulders  that  will   help  improve  the  performance 
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of  the  adjacent  mainline  pavement,  and  eliminating  shoulder  structural 
distress  due  to  traffic  loadings;  c)   the  use  of  Portland  cement  con- 
crete shoulders  is  increasing  because  recent  studies  have  shown  that 
they  perform  better  and  may  be  more  economical    in  the  long-run  than 
other  types  of  paved  shoulders;  d)   there  is  no  rational   structural 
design  procedure  for  PCC  shoulders  available  and  the  current  design 
practice  of  PCC  shoulders  is  based  mainly  upon  trial   and  error, 
engineering  judgement,  and  past  performance  of  the  few  experimental 
PCC  shoulders  in  service  at  the  present  time. 

2.  Field  surveys  of  three  experimental   plain  jointed  concrete 
shoulders  built  in  Illinois  showed  that  PCC  shoulders  have  performed 
satisfactorily  over  time  periods  of  over  10  years  under  heavy  traffic, 
and  are  expected  to  continue  to  perform  as  well    in  the  future.     There- 
fore, it  is  possible  to  construct  a  concrete  shoulder  thatwill  last 
throughout  its  intended  design  life  with  only  routine  maintenance 
applied.     Some  sections,  however,  exhibited  distress  that  has  required 
maintenance.     The  following  distress  types  commonly  occurring  in  PCC 
shoulders  must  be  considered  in  design  and  thereby  prevented:     a)   lane/ 
shoulder  drop-off  or  heave  and  joint  separation,  b)   transverse 
cracking,  c)  spalling,  and  d)   blow-ups. 

3.  A  comprehensive  fatigue  damage  analysis  procedure  was 
developed  that  permits  direct  control   of  slab  cracking.     Stress  due 
to  traffic  loadings  are  considered  in  the  analysis  through  the  use 
of  the  finite  element  method.     A  fatigue  damage  limiting  design 
criteria  was  determined  from  field  data. 

4.  Design  recommendations  were  developed  for  joint  spacing,   the 
use  of  uniform  shoulder  thickness,  determining  the  traffic  that  uses 
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the  shoulder,  and  load  transfer  across  the  traffic  lane/shoulder 
joint.  These  factors  were  found  to  have  a  major  effect  on  the 
structural  adequacy  of  PCC  shoulder  as  well  as  its  effect  on  improving 
the  performance  of  the  adjacent  traffic  lane. 

5.  An  example  design  application  is  provided  that  describes  the 
use  of  the  procedure  in  detail.  The  economic  justification  of  the 
selection  of  the  final  PCC  shoulder  design  is  an  important  factor 
and  should  be  a  criterion  in  giving  the  priority  of  one  design  over 
another. 

6.  Adequacy  of  the  design  procedure  is  assessed  in  terms  of 
structural  sufficiency  and  also  through  a  sensitivity  analysis.  The 
results  show  that  the  procedure  provides  designs  that  are  structurally 
compatible  with  those  projects  that  have  performed  in  a  satisfactory 
manner  over  long  periods  of  time  and  subject  to  heavy  traffic. 

7.  The  design  procedure  and  results  documented  herein  can  be  used 
for  new  construction  of  PCC  shoulders  and  also  for  rehabilitation  of 
existing  concrete  pavements.  The  effect  of  the  following  variables 
can  also  be  analyzed:  shoulder  slab  thickness,  mainline  slab  thick- 
ness, concrete  strength  and  variation,  shoulder  width,  traffic  that 
uses  the  shoulder,  traffic  overloads,  foundation  support  (subbase  and 
subgrade  including  degree  of  saturation),  joint  efficiency  across 

the  traffic  lane/shoulder  longitudinal  joint,  and  others. 

6.2  Recommendations 

The  structural   PCC  shoulder  design  procedure  documented  herein  is 
ready  for  trial    implementation.     It  has  been  partially  verified  and 
shown  to  give  adequate  shoulder  structures.     Many  additional    findings 
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related  to  the  design  of  PCC  shoulders  are  believed  to  be  signifi- 
cant and  useful  in  minimizing  the  occurrence  of  distress  and  thus 
reducing  maintenance  costs. 
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APPENDIX  A 
INPUT  GUIDE  -   JCS-1    PROGRAM 
Design  of  Plain  Jointed  Concrete  Shoulders 


IDENTIFICATION  OF   PROBLEM 


Three  Cards 


20A 


20A 


20A 


Enter  descriptive  identification  of  design  project;   date  of  run,   project 
number,  designer,   etc.    (Any  or  all   of  the  cards  may  be  left  blank). 

DESIGN  CRITERIA  DATA 

One  Card  : 


80 


F10.0 


1  10 

DLIFE 

DLIFE  =  PCC  shoulder  design  life   (years) 

SLAB  PROPERTIES 
One  Card: 


80 


[ 


F5.0 


F5.0 


F5.0 


F5.0 


F5.0 


F5.0 


5   10    15   20   25   30 
HI  H2   B    FF   FCV  EFF 


80 


HI  =  PCC  shoulder  thickness  -  inches 

H2  =  PCC  traffic  lane  thickness  -  inches 

B  =  shoulder  width  -  feet 

FF  =  Mean  PCC  modulus  of  rupture  (28  days)  -  psi 

FCV  =  Coefficient  of  variation  of  PCC  modulus  of  rupture  -  percent 

EFF  =  Load  transfer  efficiency  between  shoulder  and  traffic  lane  -  percent 
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TRAFFIC  DATA 


One  Card 


F10.0 


F10.0 


F10.0 


F10.0 


F10.0 


F10.0 


F5.0 


F5.0 


no 


3 


10  20  30  40  50  60       65         70  80 

ADTI  ADTF  T  LD  DD  A  LSS       LEPT       PEPT 

ADTI  =  Average  daily  traffic  at  beginning  of  design  period  -  two  direction 

ADTF  =  Average  daily  traffic  at  end  of  design  period  -  two  direction 

T  =  Percent  trucks   in  ADT 

LD  =  Percent  trucks  in  heaviest  travelled  or  design   lane 

DD  =  Percent  direction  distribution 

A  =  Mean  axles  per  truck 

LSS  =  Length  of  surveyed  shoulder  stretch  -  miles   (use  10  miles) 

LEPT  =  Average  length  of  total   encroachments  per  truck  in  the  surveyed 
shoulder  stretch  -  miles 

.PEPT  =  Percent  of  trucks  that  park  on  the  surveyed  shoulder  stretch 

relative  to  the  design  lane     truck  traffic. 
One  Card: 


15 


15 


1  5        10 

KK       KSAL 


KK  =  Number  of  axle  load  distribution  groups   (single  plus  tandem)(right 
justify),    (maximum  40) 

KSAL  =  Number  of  single  axle  load  distribution  groups   (right  justify) 

As  many  cards  as  needed: 


F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

1  10 

LOAD(I) 


20 


30 


40 


50 


60 


70 


80 
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[LOAD  (I),  I  =  1,  KK] 

LOAD(I)  =  The  highest  value  of  each  axle  load  distribution  qroup  (first 

enter  single  axle  loads  [KSAL]  and  then  tandem  axle  loads)  -  pounds 

As  many  cards  as  needed: 


F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

F10.0 

10        20        30        40        50        60        70 
DIST(I) 

[DIST  (I),  I  =  1,  KK] 

DIST(I)  =  The  percentage  axle  loads  in  each  of  the  KK  axle  load  groups 

input  in  the  previous  card  (first  enter  single  axle  percentage 
and  then  tandem  axle  percentage). 

FOUNDATION  SUPPORT  DATA 
One  Card: 


So 


F10.0 


F10.0 


10        20 
K     ERODEF 

K  =  Design  modulus  of  foundation  support  -  pci 

ERODEF  =  The  amount  of  erodability  of  foundation  under  the  PCC  shoulder 
at  the  end  of  design  life  -  inches  (max.  12  inches) 


80 
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The  following  four  cards  may  be  added  for  each  additional  PCC  shoulder- 
traffic  lane  configuration  to  be  analyzed: 

IDENTIFICATION  OF  PROBLEM 

Three  cards  (same  as  first  trial  thickness): 


20A4 


20A4 


20A4 


80 


SLAB  PROPERTIES 


One  Card: 


F5.0 

F5.0 

F5.0 

FS.OJ 

1    5    10    15    20 
HI   H2    B     EFF 


80 


HI  =  Shoulder  thickness  -  inches 

H2  =  Traffic  lane  thickness  -  inches 

B  =  Shoulder  width  -  feet 

EFF  =  Load  transfer  efficiency  between  shoulder  and  traffic  lane  -  percent 
(Note:  this  is  stress  efficiency  -  use  Figure  3.2  to  determine 
stress  efficiency  from  deflection  efficiency). 

FINAL  CARD  OF  DATA  DECK 


80 


/*  indicates  end  of  data  deck 
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APPENDIX  B 
SAMPLE  INPUT/OUTPUT 
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PORTLAND    CEMENT   CONCRETE    PLAIN    JOINTED 
PAVEMENT    SHOULDERS    DESIGN    PROGRAM     (JC3-1)  ■ 
*********************************************************************************** 

PROBLEM  *  1 

PCC  SUOULDER  DESIGN  ON  1-8  0  NEAR  JOLIET 

*********************************************************************************** 

INPUT  DATA 
********** 

DESIGN  CRITERIA 
**************** 

SHOULDER  DESIGN  LIFE  (YEARS)  20.00 

SLAB  PROPERTIES 
**************** 

SHOULDER  THICKNESS  -  INS.  5.00 

TRAFFIC  LANE  THICKNESS  -  INS.  8.00 

SHOULDER  WIDTH  -  FT.  10.00 

MEAN  PCC  MODULUS  OF  RUPTURE  (23-DAYS)  -  PSI  750.00 

COEFFICIENT  OF  VARIATION  OF  PCC  MODULUS  OF  RUPTURE  -  %  10.00 

LOAD  TRANSFER  EFF.  BETWEEN  SHOULDER  AND  TRAFFIC  LANE  -  %  50.00 

TRAFFIC 
******** 

AVERAGE    DAILY    TRAFFIC    AT    BEGINNING    OP    DESIGN    PERIOD  1710). 

AVERAGE    DAILY    TRAFFIC    AT    END    OF    DESIGN    PERIOD  39100. 

PERCENT    TRUCKS    OF    ADT  21.00 

PERCENT    TRUCKS    IN    HEAVIEST    TRAVELED    OR    DESIGN    LANE  b5.15 

PERCENT    DIRECTIONAL    DISTRIBUTION  50.00 

MEAN    AXLliS    PER    T3UCK  2.60 

LENGTH    OF    SURVEYED    SHOULDER    STRETCH    -    MI.  10.00 
AV.    LENGTH    OF    TOTAL    fcNCKOACdHENTS    PER    TRUCK    IN    TUE    SH .    STRETCH    -    Ml.       0.240 

PERCENT    OF    TRUCKS    1HAT    PARK    ON    THE    SHOULDER  0.0  1600 

NUilbEfct    OF    SINGLE    AXLE    LCAD    INTERVALS  13 

NUMBEH    OF. TANDEM    AXLE    LOAD    INTERVALS  17 
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5  •  A  ■  ie* 

DISTRIBUTION    TABLE 

HEIGHT 

RANGE 

PERCENT 

(POUNDS) 

>0. 

- 

3000. 

5.75 

3)01. 

- 

7  000. 

10.33 

7001. 

— 

8000. 

7.76 

8001. 

— 

12000. 

20.54 

12001. 

— 

16000. 

4.37 

16001. 

- 

13000. 

1.77 

18001. 

— 

20000. 

1.02 

20)01. 

- 

22  000. 

0.54 

22001. 

— 

24000. 

0.34 

24001. 

- 

26000. 

0.  14 

26001. 

- 

30000. 

0.04 

30001. 

- 

32000. 

0.01 

32001. 

— 

34)0). 

0.31 

T.A.L. 

DISTRIBUTION    TABLE 

HEIGHT 

RANGE 

PERCENT 

(POUNDS) 

0. 

- 

6000. 

0.27 

6001. 

— 

12000. 

13.34 

12)01. 

- 

18  0)). 

7.05 

18001. 

- 

24000. 

5.51 

24001. 

- 

30000. 

14.92 

30)01. 

— 

32)00. 

3.61 

32001. 

— 

3  4  00  0. 

1.40 

34001. 

- 

36000. 

0.50 

36))1. 

- 

38))). 

0.25 

38001. 

— 

40000. 

0.16 

40001. 

— 

42000. 

0.  11 

42))1. 

- 

41000. 

0.08 

44001. 

- 

46000. 

0.07 

46001. 

— 

50000. 

0.0  7 

50)31. 

— 

52  0)0. 

0.  )2 

52)01. 

— 

54000. 

0.01 

54001. 

- 

56000. 

0.01 

FOUNDATION    SUPPORT 
********  «*******<<*# 

DESIGN    MODULUS    OF    FOUNDATION    SUPPORT    (K)     -    PCI 


200.00 


ERODAUILITY 
ERODA&ILITY 


OF    FOUNDATION    AT    BEGINNING    OF    DESIGN    PERIOD     (INS.) 
OF    FOUNDATION    Al    END    OF    DESIGN    PEkIOD     (INS.) 


0.0 

8.00 
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PORTLAND  CEMENT  COHCKBTE  PLAIN  JOINTED 

pavement  siiouu^as  design  pkograji    ijcs-1) 

PROBLEM  *  1 

PCC  SHOULDER  DESIGN  ON  1-80  NEAR  JOLIET 

t^^^^^^^^^t***************** ****************************  *********************************** 

RESULTS    -    ACCUMULATED    FATIGUE    DAMAGE    OF    P.C.C.    SHOULDER 
******** 

SUMMARY    FOR    DESIGN    PERIOD 

YEAH  PARKED    TRAFFIC  ENCROACHED    TRAFFIC 

1  0. 133D  24  0. 148D    00 

2  0. 141D  24  0.243D    00 

3  0.  149D  24  0.  393D    00 

4  0.157D  24  0.650D    00 

5  0.  165D  24  0.  106D    01 

6  0.  173D  24  0.  172D    01 

7  .0.  181 D    24  0.279D    01 

8  0. 189D    24  0.451D    01 

9  0.  197D    24  0.729D    01 

10  0. 205D  24  0.  118D  02 

11  0.213D  24  0.  189D  02 

12  0.221 D  24  0.305D  02 

13  0.  229D  24  0.490D  02 

14  0.237D  24  J. 737D  02 

15  0.245D  24  0.126D  03 

16  0. 253D  24  0.202D  33 

17  0.261D  24  0.324D  03 

18  0.270C  24  0.518D  03 

19  0.278D  24  3. 828D  33 

20  0.286D  24  0.  132D  04 


10TAL    FAT1JUE    DA3AGE    FOK    DESIGN    PERIOD    D:JE    TO    PAKKED   TRAFFIC    IS  0.4  18D    25 

TOTAL    FATIGUE    DAMAGE    FOR    DESIGN    PEKIOD    JilE    TO    ENCROACHED    TRAFFIC    IS  0.353D    04 
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PORTLAND    C2MSNT    CONCRETE    PLAIN    JOINTED 
PAVEMENT    SHOULDERS    DESIGN     PROGRAM     (JCS- 1) 

PROBLEM    #    2 

INPUT    DATA 
********** 

DESIGN    CRITERIA 
**************** 

SHOULDER    DESIGN    LIFE     (YEARS)  20.03 

SLAB    PROPERTIES 
**************** 

SHOULDER    THICKNESS    -    INS.  6.00 

TRAFFIC    LANE    THICKNESS    -    INS.  8. )0 

SHOULDER    WIDTH    -    FT.  10.00 

MEAN    PLC    MODULUS    OF    RUPTURE     (28-DAYS)     -    PSI  750.00 

COEFFICIENT    OF    VALUATION    OF    PCC    MODULUS    OF    RUPTURE    -    %  10.00 

LOAD    TRANSFER    EFF.     BETWEEN  .SHOULD!.*    AND    TRAFFIC    LANE    -  %                                      50.00 

TRAFFIC 
******** 

AVERAGE  DAILY  TRAFFIC  AT  BEGINNING  OF  DESIGN  PERIOD  17100. 

AVERAGE  DAILY  TRAFFIC  AT  END  OF  DESIGN  PERIOD  39100. 

PERCENT  TRUCKS  OF  ADT  21.00 

PERCENT  TRUCKJ  IN  HEAVIEST  TRAVELED  OR  DESIGN  LANE  85.15 

PERCENT  DIRECTIONAL  DISTRIBUTION  50.00 

MEAN  AXLES  PER  TRUCK  2.60 

LENGTH  OF  SURVEYED  SHOULDER  STRETCH  -  MI.  10.00 
AV.  LENGTH  OF  TOTAL  ENCROACHMENTS  PER  TRUCK  IN  THE  Sd.  STRETCH  -  MI.  0.24) 
PERCENT  OF  TRUCKS  THAT  PARK  ON  THE  SHOULDER                           0.01600 

NUMB3R  OF  SINGLE  AXLE  LCAD  INTERVALS  13 

NUMBER  OF  TANDEM  AXLE  LOAD  INTERVALS  17 
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S. A. L. 

DISTRIBUTION    TABLE 

WEIGHT 

RANGE 

PERCENT 

(POUNDS) 

0. 

- 

3000. 

5.75 

3001. 

— 

7  0)0. 

10.33 

7  031. 

— 

8  00  0. 

7.76 

8  0  0  1. 

- 

12000. 

20.54 

12001. 

— 

16000. 

4.37 

16  001. 

— 

18000. 

1.77 

18001. 

— 

20000. 

1.02 

20001. 

- 

22000. 

0.54 

22001. 

- 

24000. 

0.34 

24001. 

— 

26000. 

0.  14 

26001. 

— 

300)). 

0.  04 

30001. 

- 

32  00  0. 

0.01 

32001. 

— 

34000. 

0.01 

T. A.L. 

DISTRIBUTION    TABLE 

WEIGHT 

RANGE 

PERCENT 

(POUNDS) 

0. 

- 

6)0  0. 

0.27 

6001. 

— 

12000. 

13.34 

1200  1. 

— 

10000. 

7.05 

180)1. 

- 

24)0). 

5.51 

2  4  001. 

— 

30000. 

14.92 

30  001 . 

- 

320)). 

3.61 

32001. 

- 

34000. 

1.40 

3  4  0  01. 

- 

36000. 

0.50 

3600  1. 

- 

38000. 

0.25 

38301. 

- 

40000. 

0.  16 

40001. 

- 

42000. 

0.  11 

42  00  1. 

- 

4  4)0). 

J.  08 

4  4  0  01. 

- 

46  00C. 

0.07 

46001. 

- 

50000. 

0.07 

50001. 

- 

52000. 

0.02 

52001. 

— 

54000. 

0.01 

54001. 

- 

56000. 

0.01 

FOUNDATION     SUPPORT 


DESIGN    MODULUS    OF    FOUNDATION    SUPPORT     (K) 


PCI 


200.  03 


EHODABIL1TY  OF  FOUNDATION  AT  BEGINNING  OF  DESIGN  PERIOD  (INS.) 
ERODABIEITY  OF  FOUNDATION  AT  LMD  OF  DESIGN  PERIOD  (INS.) 


0.0 
8.00 
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PORTLAND    CEMENT    CONCRETE    PLAIN    JOINTED 
PAVEMENT    SliOULi/i.(S    DESIGN     PuOGiUtl     (JCS-1) 

*********************************************»**********.»******************************< 

PROBLEM     t    2 

*****#********#***************************#**************************#****************** 

RESULTS    -    ACCUMULATED    FATIGUE    DAMAGE    OF    P.C.C.    SHOULDER 
******** 

SUMMARY    FOR    DESIGN    PERIOD 


YEAR  PARKED    TRAFFIC 

1  0.182C  1 

2  0. 193D  1 

3  0.2)4D  1 
I»  0.215D  1 

5  0.226D  1 

6  0.237D  1 

7  0.248D  1 
ti  -0.259D  1 
9  0.270D  1 

10  0.281D  1 

11  0.292D  1 

12  0.303D  1 

13  0.315D  1 

14  0.326D  1 

15  0.337D  1 

16  1.348D  1 

17  0.359D  1 

18  0.370D  1 

19  3.381D  1 

20  0.392D  1 


ENCROACHED  TRAFFIC 

0.851D-04 
,  0.  131D-03 
0. 2D1D-03 
0. 3D8D-03 
0.H72D-03 
0.719D-J3 
0. 110D-02 
0.  167D-02 
0. 253D-02 
0.384D-02 
J. 5810-02 
0.879D-02 
0.  133D-01 
0. 200D-0 1 
0.302D-01 
J. 456D-J1 
0.686D-01 
0.  103D  00 
0.  155D  00 
0.233D    00 


TOTAL    FATIGUE    DAMAGE    FOH    DESIGN    PERIOD    DUE    TO    PARKED    TRAFFIC    IS  0.57'ID     12 

TOTAL    FATIGUE    DAMAGE    FOR    DESIGN    PERIOD    DUE    TO    ENCROAU1ED    TKAFFIC    iS  0.695D    00 
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PORTLAND    CEMENT   CONCRETE    PLAIN    JOINTED 
PAVENZNT    SHOULDERS    DESxGN    PROGRAM     (JCS- 1 

*************************#**************»*******.>*********<,**** 


**************************** 


PROBLEM    I    3 


*******************************************************************************************> 

INPUT    DATA 
********** 

DESIGN    CRITERIA 
***+*****:*******    , 

SHOULDER  DESIGN  LIFE  (YEARS)  20.00 

SLA3  PROPERTIES 
**************** 

SHOULDER  THICKNESS  -  INS.  7.00 

TnAFFIC  LANE  THICKNESS  -  INS.  8.00 

SHOULDER  WIDTH  -  FT.  10.00 

MEAN  PLC  MODULUS  OF  RUPTURE  (28-DAYS)  -  PSI  750.00 

COEFFICIENT  O?  VARIATION  OF  PCC  MODULUS  OF  RUPTURE  -  %  10.00 

LOAD  TRANSFER  EFF.  BETWEEN  SHOULDER  AND  TRAFFIC  LANE  -  %                                       50.00 

TRAFFIC 

******** 

AVERAGE  DAILY  TRAFFIC  AT  BEGINNING  OF  DESIGN  PERIOD 

AVERAGE  DAILY  TRAFFIC  AT  END  OF  DESIGN  PERIOD 

PERCENT  TRUCKS  OF  ADT 

PERCENT  TriUCKS  IN  HEAVIEST  TRAVELED  OR  DESIGN  LANE 

PERCENT  DIRECTIONAL  DISTRIBUTION 

MEAN  AXLES  PER  TRUCK 

LENGTH  OF  SURVEYED  SHOULDER  STRE1CH  -  MI. 

AV.  LENGTH  OF  TOTAL  ENCROACHMENTS  PER  TRUCK  IN  THE  SH 

PERCENT  OF  TRUCKS  THAT  PARK  O.N  THE  SMOULDER 

NU.1HJ.R  OF  SINGLE  AXLE  LCAJ  INTERVALS 

NUMEER  OF  TANDEM  AXLE  LOAD  INTERVALS 


171  )0. 

39100. 

21.00 

85.  15 

50.00 

2.60 

10.  00 

STRETCH  ■ 

-  MI.   0.2 dO 

0. 01600 

13 

17 
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o  •  A  •  -L  • 

DISTRIBUTION    TABLE 

WEIGHT 

RANGE 

PERCENT 

(POUNDS) 

0. 

- 

3000. 

5.75 

3001. 

— 

7000. 

10.33 

7001. 

- 

8000. 

7.76 

8001. 

- 

12000. 

20.54 

12001. 

- 

16000. 

4.37 

16001. 

— 

13000. 

1.77 

18001. 

- 

20000. 

1.02 

203)1. 

- 

22000. 

0.54 

22001. 

— 

24000. 

0.34 

24001. 

— 

26000. 

0.  14 

26001. 

- 

30000. 

0.04 

30001. 

- 

32000. 

0.01 

32001. 

■• 

3400). 

0.01 

T.A.L. 

DISTRIBUTION    TABLE 

WEIGHT 

RANGE 

PERCENT 

(POUNDS) 

0. 

- 

6000. 

0.27 

6001. 

— 

12000. 

13.34 

123)1. 

— 

18))). 

7.05 

13001. 

- 

24000. 

5.51 

24001. 

'  — 

30000. 

14.92 

30)01. 

— 

32))). 

3.61 

32001. 

- 

34000. 

1.40 

34001. 

- 

36000. 

0.50 

36  ))1. 

- 

33))0. 

).25 

38301. 

- 

40000. 

0.  16 

40001. 

- 

42000. 

0.  11 

4  2)01. 

- 

44000. 

0.08 

4  4  0  01. 

- 

46000. 

0.07 

4  6  0  01. 

— 

50000. 

0.07 

50))1. 

- 

52  0)0. 

).)2 

52001. 

- 

54000. 

0.01 

54001. 

- 

56000. 

0.01 

FOUNDATION    SUPPORT 
******************* 

DESIGN    MODULUS    OF    FOUNDATION    SUPPORT     (K)     -    PCI  200.00 

ERODABILITY    OF    FOUNDATION    AT    BEGINNING    O?    DESIGN    PERIOD     (INS.)  0.0 

LRODAU1L1TY    OF    FOUNDATION    AT    END    OF    DESIGN    PERIOD     (INS.)  8.00 
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PORTLAND    C^HLNT    CONCRETE    PLAIN    JOINTED 
PAVEMENT    SHOULDERS    DESIGN    PROGRAM     IJCS-  1) 

PROBLEM  #    3 

^^t************** ***************************  *********************************************** 

RESULTS  -    ACCUMULATED  FATIGUE    DAMAGE  0?    P.C.C.     SHOULDER 
******** 

SUMMARY    FOR  DESIGN    PERIOD 

YEAR  PARKED    TRAFFIC                 ENCROACHED    TRAFFIC 

1  0. 106D  04  0. 184D-05 

2  0.  1 12  D  04  0.269D-05 

3  0. 119D  04  0.392D-05 

4  0.  125D  04  0.571D-05 

5  0. 132D  04  0.830D-05 

6  0.  138D  04  0.  120D-04 

7  0. 144C  04  0.  175D-04 

8  0.  151 D  04  0.253D-04 

9  0.  157D  04  0.36  5D-0  4 

10  . 0. 164D  04  0.527D-04 

11  0. 170D  04  O.76OD-04 

12  0.  176E  04  0.  110D-03 

13  0.  183C  04  0.  158D-03 

14  0.189D  04  ).227D-)3 

15  0. 196D  04  0.326D-03 

16  0. 202D  04  0. 468D-03 

17  0.2J8D  04  0.672D-03 

18  0.215D  04  0.963D-03 

19  0. 221D  04  0.  138D-)2 

20  0.228C  04  0.  198D-02 


TOTAL    FATIGUE    DAMAGE    FOR    DESIGN    PShlOJ    DUE    TO    PARKED   TRAFFIC    IS  0.3J1D    05 

TOTAL    FATIGUF    DAMAGE    FOR    DESIGN    PHKIOD    DUS    TO    KNCKOACilED    TRAFFIC    IS  0.652D-02 
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PORTLAND  CEMENT  CONCRETE  PLAIN  JOINTED 
PAVEMENT  SHOULDERS  DESIGN  PROGRAii  (JCS-1) 

******************************************************************* 


********************;,,,  : 


PROBLEM  I  <* 


***************************************************************************************»,?,< 

INPUT  DATA 
********** 


DESIGN  CRITERIA 
**************** 

SHOULDER  DESIGN  LIFE  (YEARS) 


20.00 


SLAB  PROPERTIES 
**************** 

SHOULDER  THICKNESS  -  INS. 

TRAFFIC  LANE  THICKNESS  -  INS. 

SHOULDER  WIDTH  -  FT. 

MEAN  PCC  MODULUS  OF  RUPTURE  (28-DAYS)  -  PSI 

COEFFICIENT  OF  VARIATION  OF  PCC  MODULUS  OF  RUPTURE  -  % 

LOAD  TRANSFER  EYF.  BETWEEN  SHOULDER  AND  TRAFFIC  LANE  -  % 


8.  00 

8.  )0 

10.00 

750.00 

10.00 

50.00 


TRAFFIC 

******* 

AVERAGE 

DAILY 

TRAFFI 

AVERAGE 

DAILY 

Tfi'AFFl 

PEEL E NT 

TRUCKS 

OF    AD 

PERCENT 

TRUCKS 

IN    HE 

PERCENT 

DIRECTIONAL 

Mt AN    AX 

LES    PER 

TRUCK 

LENGTH 

OF    SURV 

EYED    S 

AV.     LENGTH    OF 

TOTAL 

PERCENT 

OF    TRUCKS    Til 

NUMUEiJ 

3F    SING 

LE    AXL 

NUaBER 

JF    TAND 

EM    AXL 

C  AT  BEGINNING  OF  DESIGN  PERIOD 

C  AT  END  OF  DESIGN  PERIOD 

T 

AVIEST    TRAVELED    OR    DESIGN    LANE 

DISTRIBUTION 

HOULDF.fi    STRETCH    -    MI. 
ENCROACHMENTS    PER    TRUCK    IN    THE    Sli 
AT    PARK    ON    THE    SHOULDER 
E    LOAD    INTERVALS 
E    LOAD    INTERVALS 
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39100. 

21.00 

85.15 

50.00 

2.60 

10.  00 

STRETCH    - 

■•HI.       0.2  4) 

0. 01600 

13 

17 
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S. A. L. 

DISTRIBUTION    TABLE 

WEIGHT 

RANGE 

PERCENT 

(POU 

NDS) 

0 

,    - 

3000. 

5.75 

3))1 

,    - 

7  0  30. 

10.33 

7001 

- 

8000. 

7.76 

8)01 

,    - 

12  0  J  J. 

20.54 

12  D01 

,     - 

16000. 

4.37 

16001 

,     - 

18000. 

1.77 

18  331 

,    - 

2)000. 

1.32 

20001 

,     - 

22000. 

0.54 

22001. 

- 

24000. 

0.  34 

2  4  )  0  1 

,    - 

26))). 

0.  14 

26001 

- 

30000. 

0.04 

30001. 

- 

32000. 

0.01 

32)01 

*~ 

34))0. 

0.01 

T.A.L. 

DISTRIBl 

JTK 

)N    TABLE 

WEI. 

;ht 

RANGE 

PERCENT 

u 

>OUNDS) 

0. 

,    - 

6000. 

0.27 

6001. 

- 

12000. 

13.34 

12)01. 

- 

13))). 

7.  05 

18001. 

- 

24000. 

5.51 

24001. 

- 

30000. 

14.92 

30001. 

- 

32000. 

3.61 

32001. 

- 

34000. 

1.40 

34  ))1. 

- 

36))). 

0.5) 

36001. 

- 

38000. 

0.25 

38001. 

40000. 

0.  16 

4  0  )  )  1 . 

- 

42))). 

0.11 

4  2  0  01. 

44000. 

0.03 

44001. 

- 

46000. 

0.07 

46001. 

- 

50000. 

0.07 

50001 . 

52  0  0  0. 

0.02 

52001. 

54000. 

0.01 

54001. 

- 

56)0). 

0.01 

FOUNDATION  SUPPORT 


DESIGN  MODULUS  OF  FOUNDATION  SUPPORT  (K) 


PCI 


200.00 


EECDABILITY    OF    FOUNDATION    AT    BEGINNING    OF    D.^SIJN    PERIOD     (INS.) 
ERODABILITY    OF    FOUNDATION    AT    END    OF    DESIGN    PERIOD     (INS.) 


0.0 

d.00 
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PORTLAND    CtiMEiJT    CONCRETE    P  LA  1  ?I    JOINTED 
PAVtMLNT    SHOUL^RS    DiJIJN     PL-.UGRArf     (JCS-1) 
I*************************************************************************  ************** 

PROBLEM    #    4 

SESULTS  -  ACCUMULATED  FATIGUE  DAMAGE  OF  P.C.C.  SHOULDER 
******** 

SUMMARY  FOB  DESIGN  PERIOD 


YEAR       PARKED  TRAFFIC 

1  0.336D-01 

2  0.356D-01 

3  0.376B-01 

4  0.397C-01 

5  0.417D-01 

6  -3.4370-31 

7  0.453C-01 

8  0.478D-01 

9  0.498D-31 

10  0.518D-01 

11  0.539D-01 

12  0.559C-01 

13  0.579D-01 

14  0.60)D-01 

15  0.620D-01 

16  0.640D-01 

17  0.660D-01 

18  0.681D-01 

19  0.7  31D-31 

20  0.721E-01 


ENCROACHED    TRAFFIC 

0.  173D-06 

0.242D-06 
0.339D-J6 
0.474D-06 
0.662D-06 
3.922D-06 
0.  123D-05 
0.  178D-05 
3.247D-05 
0.343D-05 
3.476D-0S 
0.659D-05 
0.912D-05 
0.  126D-04 
0.174D-04 
0.241D-04 
0.332D-04 
0.458D-04 
0.632i)-  J4 
0.872D-04 


10TAL    FATIGUE    DAMAGE    FOR    DESIGN    PERIOD    DUE    TO    PARKED   TRAFFIC    IS  0.106D    01 

TOTAL    FATIGUE    DAMAGE    FOR    DESIGN    PERIOD    DUE    TO    ENCROACHED    TRAFFIC    IS  0.3UD-03 
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PORTLAND    CEMENT    CONCRETE    PLAIN    JOINTED 
PAVtMENT    SHOULDERS    DESIGN     PROGRAM     (JCS-1) 


PROBLEM  »  5 


PCC  SHOULDER  DESIGN  ON  1-80  NEAR  JOLIET, I LLINOIS 


***#********#**#*#***##*<i*#*#***********#**#******<.#*«**#**«:**#**#**<£<:*t*«***^*<,^^^<,>^:fr^^.>  +  # 


DESIGN  CRITERIA 
**************** 


INPUT  DATA 
********** 


SHOULDER  DESIGN  LIFE  (YEARS) 


20.00 


SLAB    PROPERTIES 
**************** 


SHOULDER    THICKNESS    -    INS. 

TRAFFIC    LANE    THICKNESS    -    INS. 

SHOULDER    WIDTH    -    FT. 

MEAN    PCC    MODULUS    OF    RUPTURE     (28-DAYS)     -    PSI 

COEFFICIENT    OF    VARIATION    0?    PCC    MODULUS    OF    RUPTURE    -    * 

LOAD    TRANSFER    EFF.     BETWEEN    SHOULDER    AND    TRAFFIC    LANE    - 


9.00 

0.  00 

10.00 

750.  00 

10.00 

50.00 


TRAFFIC 

******** 

AVERA 

jl; 

DAILY    TRA 

FFIC    A 

AVERA 

»J  Z, 

DAILY    " 

CRAFF1C    A 

PEECE 

■AT 

TRUCK'S 

OF 

ADT 

PERCE 

li  T 

TRUCKS 

IN 

Ki.AVI 

PERCE 

NT 

DIRECTION 

AL    DiS 

MEAN 

AXLES    PER 

TRUCK 

LENGT 

.( 

OF    SUHV 

iYL 

D    SHOU 

AV.     L 

EN 

1TH    OF    j 

COl 

AL    ENC 

peuce 

NT 

OF    TRUCK  J 

THAT 

NU.'iUE 

R 

JF    SINGLE 

AXLE    L 

NUMBE 

A    I 

OF    TAND 

iil 

AXLE    L 

T    BEGINNING    OF    DESIJH    PERIOD 
T    END    OF    DESIGN     PERIOD 

EST    TRAVELED    OR    DESIGN    LANE 
TRIBUTIOjI 

LDLR    STRETCH    -    MI. 

ROACilKENTS     PER    TRUCK    IN    THE    Sli 

PARK  ON  THE  SHOULDER 

CAu  INTERVALS 

CAD  INTERVALS 


1710D. 

39100. 

2  1.00 

85.  15 

50.00 

2.60 

10.  00 

STRETCH    - 

■    MI.        0.2U0 

0. 01600 

13 

17 

171 


->  *  A  •  L  « 

DISTRIBUTION    TABLE 

HEIGHT 

RANGE 

PERCENT 

(POUNDS) 

0. 

- 

30)0. 

5.75 

3001. 

— 

7000. 

10.33 

7  001. 

- 

8  00  0. 

7.76 

a  )01. 

— 

12  )0). 

20.54 

12001. 

- 

16000. 

4.37 

16001. 

- 

18000. 

1.77 

18  ))1. 

— 

2)))0. 

1.02 

20001. 

— 

22000. 

0.54 

22001. 

— 

24000. 

0.  34 

240)1. 

— 

260)0. 

0.  14 

26  001. 

— 

30000. 

0.04 

30001. 

— 

32000. 

0.01 

32301. 

•■ 

34)00. 

0.01 

T.A.L. 

DISTRIBUTION    TABLE 

HEIG 

iT 

RANGE 

PERCENT 

(POUNDS) 

0. 

- 

6000. 

0.27 

6001. 

- 

12000. 

13.34 

12001. 

- 

18  00  0. 

7.05 

18001. 

- 

24000. 

5.51 

24  ))1. 

— 

30  0)0. 

14.92 

30001. 

- 

32000. 

3.61 

32001. 

— 

34000. 

1.40 

34)01. 

- 

360)). 

0.5) 

36  001. 

- 

38  000. 

0.25 

38001. 

— 

40000. 

0.  16 

40)01. 

— 

42  0  0). 

0.  11 

4  2  0  01. 

— 

44000. 

0.08 

44001. 

- 

46000. 

0.07 

46)01. 

— 

50)30. 

0.07 

50001. 

— 

52000. 

0.02 

52001. 

— 

54000. 

0.01 

54)01. 

- 

56  0  0). 

0.01 

FOUNDATION  SUPPORT 


DESIGN  MODULUS  OF  FOUNDATION  SUPPORT  (K) 


PCI 


200.00 


ER0DA3ILITY    OF    FOUNDATION    AT    BEGINNING    OF    DESIGN    PERIOD     (INS.) 
ERODAiULITY    OF    FOUNDATION    AT    LND    OF    DESIGN    PLKIGD     (INS.) 


0.0 
8.00 
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PORTLAND    CEMENT    CONCRETE    L'LAI'I    JOINTED 
PAVEMliNl"    S»iOULD.;;JS    DESIGN     PiiOuiiA.1     (JCS-1) 

PROBLEM  »  5 

PCC  SHOULDER  DESIGN  OH  1-80  NEAR  JOLILT, ILLINOIS 

*******#***********************************■>*+**********************************<■*********»• 

RESULTS  -  ACCUMULATED  FATIGUE  DAMAGE  OF  P.C.C.  SHOULDER 
******** 

SUMMARY  FOB  DESIGN  PERIOD 

YEAR       PARKED  TRAFFIC       ENCROACHED  TRAFFIC 

1  0.332D-04  0.332D-07 

2  0.352D-04  0.450D-07 

3  0.372D-04  0.608D-37 
U  0.392E-04  0.820D-07 

5  0.<M2D-0<4  0.111D-06 

6  0.432D-04  0.  149D-06 

7  0.452C-04  0.200D-06 

8  0.472D-04  0.269D-06 

9  0.492E-04  0.361D-06 

10  0.512D-04  0.434D-06 

11  3.532D-04  D.649D-06 

12  0.552D-04  0.869D-06 

13  0.572D-0U  0.116D-05 

14  0.592D-04  0.156D-05 

15  0.612E-04  0.208D-05 

16  0.632D-04  0.279D-35 

17  0.652E-04  0.372D-05 

18  0.672D-04  0.498D-05 

19  0.692D-04  0.665D-05 

20  0.712E-04  0.888D-05 


TOTAL  FATIGUE  DAMAGE  FOR  DESIGN  PERIOD  DUE  TO  PARKED  TRAFFIC  IS  0.104D-02 

TOTAL  FATIGUE  DAMAGE  FOR  DESIGN  PShlOD  DJE  TO  LNCK0ACII2D  TRAFFIC  IS      0.351D-04 
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APPENDIX  C 
FLOW  CHART  OF  COMPUTER  PROGRAM 


START 


READ 
INPUTS 


PRINT 
INPUTS 


MAKE  SEVERAL 
CALCULATIONS 
FOR  TRAFFIC, 
PCC,  ERODA- 
ILITY,  SHOULDER 
TRAFFIC 


1 


CALCULATE  FATIGUE 
DAMAGE  FOR  NY  YEAR, 
AND  KK  AXLE  LOAD 


174 


1 


ACCUMULATE  FATIGUE 
DAMAGE  UP  TO  NY  YEAR 


1 


PRINT   YEARLY 
FATIGUE   DAMAGE 


'RINT  SUMMARY  OF   RESULTS 
tAT   END  OF  DESIGN   PERIOI 


STOP 


175 


APPENDIX  D 
JCS-1  COMPUTER  PROGRAM  LISTING 


o 
o 
o 

M 
O 

< 


♦  •***«*•»•«.»*•*••«•*««««««•*•**•«•*«                            i  —     c     ca 

♦  »                           ♦  ♦wo  •»                           u  w    «s     «< 

•»♦                                  •  *  H      »5  SB  «                                  w  to          x      w      w 

»♦                           ♦•  w-snw  to  •                           03  z  ar     x     x     as 

**                                ♦  *  *  M             H              U      05      H  ♦                                mo  h 

♦  ♦                                          **  1)05  tO       10    . 3             Q  M       W       O  »                                          QM  O       W        W 

♦  *                           ♦ »  z     w  .  o-o    -  ho-        zr«.     r»     as  «  h        u    s=     as     o        u 

a-           »  *                                    •  ♦  o      ozzq      K2C           «=W       O      M  *                                    OI  U  10      O      O      Z           O 

IT            *  #                                          ♦  »  U    >-)U<  WWO       U       <                  W  •                                    10  W  3                             M             Z 

N.        • »                            »  *  U3m     cs     zjccj     D'jcs     a     J  *            .            z    «.    tx.  a     c     ^i     w< 

o        ♦♦                         *  ♦  qhowjo    mw  o>mh     w     m  ♦         h           oo  m  ••    o     o     m     ora 

«ft           *»                                    *♦  UhXd<k      E>0           W           H  *            3               MO  Q  10      W       W      :>       Z 

N.          ♦  ♦                                  •  •»  t-.ti.L-> cars  <h      cot^O      <      w  *           &               Hh  Q        »        »     <c       «cO 

n         *♦                            #  *  z  «s  3 1;     x  a*         3  «s  w  o  _j     o  •          z            uc  n  «;     to     to     05     as  < 

•-         *  +                              *♦  hszchuj     :0     Q     h=5  =  W3  *  zm             mm  o     m     m     H  o 

»*  tO                       ♦  ■»  OHHUJH           WTO            HUHC       X  ♦  M                      O50j  *           j      to       to                 ow 

»*  05                        *   »  •"}       aQ3W       Q  =  W       ti-        <t  — 3        H  »              SS                  ,_,  Q  id       U       O       4 

♦  *  ro                 ♦»  •    ..-czzx     :JH3     cooe«u     m  »  Q«;             oz  cw     U     r:     —     «     o  — 

♦  *  q                *  ■»  zcoH3Hto     H                ursru     to  *  w            *:     o  mz     _i     h     h     ■-)     wu 

♦  *  W                  ♦»  HhJ     in         3w^:to:*:UO«s:e5  ♦  lOto          t_>(M  m  c  <:      m:      O      O      U          ■* 

♦  »  3                       **  "SZCQH       U      OiO-=       Z<XZl_l            W  ♦  3M            3       10  bj  J       «;       Cj       Oi       H       3CW 

**  o                •»  •  Wm     uwz     c     en     o<«     z     >  »                     05  ».ro  a*  x     x     3     U 

*•  3               *»  cu«;KWt,<     ou'j     mc*     tow     m  ♦  tow        ho  i     c    s     s     a     <s 

♦  #  to                ##  ar-Jo<d     uu.O     H     OM3     z  •  f-J-J            as  zo     w                    >     wo 

r»           *♦                                    *  •  OHWOM  mo;      «=OH   _H      3  #  J3           a5«=W  'JM      Q      10       to                    W 

o        *♦  a                ♦»  Knw^aju     to-jo.     oh     w  •  s)*c         jjwO  mio     z    -      -      w     05 

•""           *  ♦  W                       »♦  MZZCjCjM      «e                 o       :-10Q       to  *  <H            Cx  to.o       <       £S       05       O       OZ 

co        • »  h                ♦♦  zc-s     ow        wa     jm3<!2     3  ♦  mcc               '.3  wq     hum            wo 

r-         ■»  •  z                 ♦*  uyffiK."a,       »3«s         3Q:c«<     E-i  »  cc-s         tozz  q                 z     z     h         m 

*»  M                     *•  M      e-TC(li<      tOH-J      WO      ^  ♦  .<S»           BWH  z      a      M      M      Z      HH 

It            •*»  O                     »*  tOZH^-iSCtOHHQVlH  »>                -3>  Z  Dl,  m      O      =      3C      W      ZK 

♦  ♦  *-}                ♦#  yja     -«h     «««        «=c:z     z     <  •         tj        xhz  o        w  u     wo 

W           »*                                    **  W           QH«SO        I    ••OtJH      CMmWO  #  -3=           «<oM  SH          'J       O    »K       UQ» 

H        ♦#  zr:            #♦  >            tocHH=5to-j>z     wao  =  H     z  »  -jh               -J  Q<mm     z     zuw     cao 

<:             «*  M<<                   *»  M             ZWJ       U«3       OW       LJ^tJH       ««  »  <                  b><cW  ZQWll        M       MMQ.       WiH 

Q             •«  <C5                   *«  H            MQ       QJJCU       »=       -JZ5       M<       *  »              tO             O^Wfc.            LT       lOlM  Oi  C 

**  -3-J)                 ♦*  ««                      u,bJJ^JHUU       tOOWHU       «<  »  tOW                 OS  05       ••     3     «3U.    » 

«•  »  tiO>-          *»  05          M^DHaDJi-sJ          r:«i^O      to  «  WH          COH  HX'ztO          U      -^z        »» 

*»             =51          •  *  =5  ".oh     <  vi  o  c  :v. -<  r--i     oioztc-a  »  q<        k'h<  <i-ia     omQ^o     ww 

*»  wiito         ♦*<:        33Hj     ;t,<s  «m               •  «  3U         ca  <     weu-ohm     ww 

**  H      (_)          *»  Z               OizWOlO      ^=>JJ      hwq    »o      to  ♦  Wm          ^=JU  OtO  —  O      HU^H      h      caa 

■»  *  -=jz"~3         *  «  azaisH      'o«-ioh         saiii  »  ya         3mm  m -j  j-j     3<3Q3      «s< 

♦  *  m-j           **  c        oho        m««     jh     hhhwh      •  #  zz        zi>-£t.  tuwa       c<xiwa     hh 
**  UH             •  -»  •<         tx.     ?;<:a—     coz     <     mq         >-3  ♦  mm             ww  u.xjj     n^r^Hx 
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FEDERALLY  COORDINATED  PROGRAM  (FCP)  OF  HIGHWAY 
RESEARCH  AND  DEVELOPMENT 


The  Offices  of  Research  and  Development  (R&D)  of 
the  Federal  Highway  Administration  (FHWA)  are 
responsible  for  a  broad  program  of  staff  and  contract 
research  and  development  and  a  Federal-aid 
program,  conducted  by  or  through  the  State  highway 
transportation  agencies,  that  includes  the  Highway 
Planning  and  Research  (HP&R)  program  and  the 
National  Cooperative  Highway  Research  Program 
(NCHRP)  managed  by  the  Transportation  Research 
Board.  The  FCP  is  a  carefully  selected  group  of  proj- 
ects that  uses  research  and  development  resources  to 
obtain  timely  solutions  to  urgent  national  highway 
engineering  problems.* 

The  diagonal  double  stripe  on  the  cover  of  this  report 
represents  a  highway  and  is  color-coded  to  identify 
the  FCP  category  that  the  report  falls  under.  A  red 
stripe  is  used  for  category  1,  dark  blue  for  category  2, 
light  blue  for  category  3,  brown  for  category  4,  gray 
for  category  5,  green  for  categories  6  and  7,  and  an 
orange  stripe  identifies  category  0. 

FCP  Category  Descriptions 

1.  Improved  Highway  Design  and  Operation 
for  Safety 

Safety  R&D  addresses  probl 
the    responsibilities    of   the 
Highway  Safety  Act  and  inclu|  |  3 
appropriate  design  standards, 
signing,  and  physical  and  sci< 
formulation  of  improved  safet 

2.  Reduction    of    Traffic 
Improved  Operational  Efl 

Traffic  R&D  is  concerned 
operational  efficiency  of  exi 
advancing  technology,  by  im] 
existing  as  well  as  new  facilitie 
the  demand-capacity  relations 
management  techniques  such 
preferential  treatment,  motori 
rerouting  of  traffic. 

3.  Environmental  Considerat 
Design,  Location,  Constru 
tion 

Environmental  R&D  is  direcl 
ing  and  evaluating  highway  < 

*  The  complete  seven-volume  official  sutemen 
the  National  Technical  Information  Service,  ! 
copies  of  the  introductory  volume  are  available 
Analysis  (HRD-3),  Offices  of  Research  and  D 
Administration,  Washington,  D.C.  20590. 


the  quality  of  the  human  environment.  The  goals 
are  reduction  of  adverse  highway  and  traffic 
impacts,  and  protection  and  enhancement  of  the 
environment. 

4.  Improved  Materials  Utilization  and 
Durability 

Materials  R&D  is  concerned  with  expanding  the 
knowledge  and  technology  of  materials  properties, 
using  available  natural  materials,  improving  struc- 
tural foundation  materials,  recycling  highway 
materials,  converting  industrial  wastes  into  useful 
highway  products,  developing  extender  or 
substitute  materials  for  those  in  short  supply,  and 
developing  more  rapid  and  reliable  testing 
procedures.  The  goals  are  lower  highway  con- 
struction costs  and  extended  maintenance-free 
operation. 

5.  Improved  Design  to  Reduce  Costs,  Extend 
Life  Expectancy,  and  Insure  Structural 
Safety 

Structural  R&D  is  i,">—  rned  with  furthering  the 
inces  in  structural  and 
ication  processes,  and 
)  provide  safe,  efficient 
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